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Plastics 

Structural  I iiciticciiiip 
Snhinamie  l ue  nicer  me 
Acrylic  Technology 


Submersible  Hulls 
Aery  lie  Hull 
Underwater  Vehicles 
Structural  Materials 


Transparent  Materials 
Piessuie  Hulls 


Nemo  Model  2000  acrylic  plastic  pressure  hull  assembly  is  described  and  represents 
the  latest  addition  t<>  the  Nemo  hull  senes  leprescuted  by  Nemo  Model  MX)  and  1000 
hull  assemblies.  The  (i(<  inch  Ol)  X 5X  inch  II)  sphciical  acrylic  hull  with  aluminum 
hatches  has  successf  ully  withstood  24  hour  lonp  external  hydrostatic  piessuri/ations  lo 
450.  *J00.  1 550  and  I MOO  psi.  Ptcssnrc  cycling  and  short  term  destructive  test  ini:  of 
I 5 inch  Ol)  X l.t  inch  II)  scale  models  has  shown  that  the  crackfree  la  tip  tic  life  is  in  excess 
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20.  (Continued) 


of  1000  inessuxc  cycles  at  depths  It*  3000  feet  ami  the  short  term  implosion  pressure  is  in 
the  range  i*t  104)00  to  1 1 OOO  feet.  Stress  wave  emissions  have  been  fouml  to  he  a pood 
indicator  of  incipient  failure. 

Nemo  Model  2000  spherical  pressure  hulk  with  panoramic  visibility  are  considered  to 
be  acceptable  for  manned  submersible*  with  an  opera!  hmal  depth  capability  to  3000  feet. 
The  cyclic  fatigue  life  tif  such  hulk  is  cottscrva' ively  predicted  to  be  at  least  1 2 X 10*’  feet 
hours. 


SUMMARY 


ProMrm 

Manual  suhtnersihles  w ilh  spherical  jit\lk  plastic  hulls  liavv  lvi-n  known  since  the 
conception  ot  the  Nemo  1 lull  in  I ***» I to  provide  greater  panoramic  vision  at  lower  cost  than 
steel  hulls  of  the  same  slupe  and  si/e  eipiipped  with  many  small  portholes,  io  utilize  i'lis 
concept  in  I toe!  design,  the  Nemo  Hull  was  officially  approved  lor  minimum  depth  dives  to 
o(H)  feet  and  demonstrated  capabilities  to  1000  loot  in  10? I . |o  further  benefit  Meet  opera- 
tion. design  and  fabrication  lecliui«|iies  were  rci|iiired  to  ameliorate  latipue  factors  inherent 
to  structural  joints  between  plastic  ami  metal  parts  and  thereby  achieve  the  maximum  oper- 
ating depth  allowed  by  the  physical  properties  ot  acrylic  plastic. 


Results 

Successive  leelmolopie.il  innovations  have  yielded  three  Nemo  Hull  designs  that  can 
be  incorporated  into  existmp  ot  planned  submersible  systems  lor  certified  man-rated  opera- 
tion to  ocean  depths  of  I (MM).  2000.  and  .KKH)  feel.  New  hatch  desipn  details  have  i1  creased 
hemline  moments  at  metallic  hatch  acrylic  hull  interface  and  the  use  of  polycarbonate  pac- 
kets m i lie  aery  lie  plastic  hatch  seat  has  eliminated  cheat  crack  mp.  I lie  latest  of  the  Nemo 
Hull  series.  Model  2000.  has  a bb-inch  outside  diameter  and  a 5K-inch  inside  diameter  that 
yields  a latipuv  life  of  I 2.000.000  feet  hours  over  a projected  10-year  life  span  and  is  capable 
of  operation  to  the  maximum  depth  allowed  by  the  properties  of  acrylic  plastic. 

Rccumntcmia  linns 

I he  Model  2000  Nemo  Hull  is  recommended  tor  manned  operation  at  depths  to 
.1000  leet.  I Ins  latest  desipn  can  now  provide  the  Navy  with  a transparent  hull  lor  a wide 
variety  ot  applications  in  undersea  warfare,  search,  salvage,  surveillance,  and  recovery  missions. 
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external  hydrostatic  pri-vuirv  nl  which  catastrophic  laihiie  of  the 
pressure  hull  takes  place 

feel  equals  40.4>s  em 

principal  membrane  stress  oriented  it  rifrlit  angles  to  the  kmiritu- 
cliu.tl  stress 

inside  diameter  of  acr>  lie  sphere 
inches,  equals  J.5  4 eenlitneiers 

principal  tnemhrane  stress  whose  direction  passes  through  poles 
of  the  sphere 

Naval  ( iv il  I iqnncerin}!  I alwiialory . Port  Hiieneine.  ( A 

Acrylic  plastic  luill  with  one  atmosphere  interior  for  manned  suh- 
inersihles  with  the  follow  me  primary  characteristics: 
i 1 1 spherical  shape 

t 't  modular  assembly  of  (winded  pentagons 
t .)|  jvilar  openings  closed  by  inserts,  a hatch  a!  the  top  anil  a 
plate  at  the  bottom 

1 4 1 bearing  surfaces  on  metallic  hatch  form  a spherical  angle 
whose*  ape\  is  at  the  sphere 

outside  diameter  of  acry  lic  sphere 

Pacific  Missile  Ranee,  Point  Much.  ( A 

pounds  |H*r  square  inch:  equals  il.lfll  kg  cm* 

inside  diameter  o|  aery  lie  sphere 

outside  diameter  of  aery  lie  sphere 

pressuri/ation  at  WO  psi  minute  rale 

thickness  of  aery  Ik  sphere 
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IMTRCHHJl  T!ON 


I lie  idea  of  ir.msp.nvni  pressure  hulls  tor  manned  submersible  operation  became  a 
reality  in  l*»t«N  u it li  the  successful  fabrication  of  the  first  full  scale  Nemo  Hull  shown  in 
I igure  I . Since  then,  acrylic  plastic  pressure  hulls  of  spherical  shape  have  demonstrated 
competitive  cost,  unsurpassed  panoramic  visibility,  and  a large  depth  safely  ftturttin.  which 
has  given  the  Navy  a cost-effective  solution  to  submersible  hull  design. 

t esting  and  evaluation  of  models  and  full  scale  Nemo  Hulls  continued  until  in  |<I7() 
the  Model  MJO  Nemo  Hull  was  officially  approved  by  the  l’.  S.  Navy  for  manned  operation 
to  otto  feet.*  although  it  demonstrated  capabilities  to  l(HM)  feel,  as  pictured  in  operation  in 
f igure  2.  At  thal  time.  Nemo's  endurance  range  beyond  the  standard  lOOO-foot  minimum 
was  inhibited  by  stress  limitations  inherent  to  joints  between  the  acrylic  hull  and  metallic 
hatches.- ■ further  design  studies  were  initiated  to  relieve  this  fatigue  factor  and  extend 
the  depth  limit  of  the  Nemo  Hull  to  the  maximum  allowed  hy  physical  properties  of  the 
material  lor  future  work  in  deep  ocean  environments. 

Suhsc<|ucnt  work  efforts  during  l‘f,|-l‘>?2  resulted  in  the  Model  1000  Nemo  Hull 
with  an  optimized  aluminum  hatch  and  aluminum  seating  ring  assembly.  This  model  has 
been  designed  and  slress  analy  zed  for  safe  operations  to  2000  feet.  Both  Models  000  and 
1000  Nemo  Hulls  are  recommended  as  cost-effective  transparent  hulls  for  submersible  oper- 
ations to.  respectively.  1000  and  2000  feel. 

Hie  apex  of  development  for  the  Nemo  Hull  culminated  in  I *»74  with  the  Model 
2000.  the  presentation  of  vvhcli  is  the  purpose  of  this  report.  The  results  of  experimental 
and  analytical  studies  are  presented  for  this  acrylic  plastic  pressure  hull,  which  is  capable  of 
manned  submersible  operation  at  depths  to  3000  feet  lor  at  least  1000  times  w ithout  fatigue 
cracks.  I lie  Model  2000  Nemo  Hull  provides  the  maximum  safe  operational  depth  with 
minimum  weight  to  displacement  and  cost  depth  ratios  lor  use  w ith  manned  suhmersihles 
m undersea  warfare,  search,  salvage,  surveillance  and  recovery  missions  to  3000  feel. 

New  design  techni«|ucs  and  fabrication  procedures  are  presented  along  with  docu- 
mented test  results.  I lie  main  body  o|  the  report  is  concise  but  terse  to  afford  the  reader 
a siimmarv  of  study  highlights.  A more  detailed  description  of  design  studies,  fahi  icat  ion 
procedures,  and  hydrostatic  tests  are  presented  in.  respectively.  Appendixes  A.  B.  C . and  I). 

I lie  report  documents  a major  breakthrough  in  technology  for  submersible  hulls  with  pan- 
oramic visibility. 


BACKGROUND 

I lie  failure  of  an  acry  lic  plastic  spherical  Nemo  Hull  can  occur  in  three  ways.  I he 
hull  can  implode  instantaneously  because  of  overpresxur ization  accompanying  the  cata- 
strophic loss  of  the  depth  control  system  on  a submersible:  this  type  of  failure  is  classified 
as  slum  imn  Utilim  and  l lie  pressure  at  which  the  failure  occurs  as  short  term  critical  pres- 
sure. I he  hull  can  also  implode  after  it  has  been  subjected  for  a long  period  of  time  to  a 


I 


ilv|” v.  In*  li  i * cie.itei  III. hi  I Ik  •i|vi.iIii>ii.iI  pte.xutc.  ImiI  less  i Ii.iii  | Ik-  -.In  >i  | lei  m . i il  u.n 
pressure.  I lusty  pc  o|  t.uluie  is  cl.ixxilicd  .is  h>iiu  Him  < my*  Ijihm.  I mally.  the  l.nlm* 
tin.*  hull  can  be  initialed  In  irmks  resulting  I nun  repealed  dues  In  operational  depth.  this 
ty  pc  of  ‘allure  ix  *1.1  xxi Ik'»I  ax  faiixtw  failure. 

Flexions  experimental  studies  haw  already  generated  l lie  data  lot  prediction  of  short 
term  ain'  long  term  creep  failures  in  Nemo  Hulls  with  t l>„  ratios  in  the  0.0 1 5-0.01  (MM. 
0.04 "'-0.05  ami  IM)o4-l).n~  ranees.*'  In  eonjunetion  with  short  term  ami  long  term  implo- 
sion xt  miles  some  ilata  wax  also  generated  on  the  initiation  of  tatipue  eraeks  in  the  aery  he 
bearing  surlaeex  tor  inelallie  haleheson  hulls  with  I l)„  ratios  in  the  (.Mi.f-tl.tM5  lange  t refer* 
enees  2.  5.  4.  5 i.  On  the  basis  .if  that  data  il  was  eonelmleil  that  for  all  praetieal  applieationx 
in  aery  lie  plastie  Nemo  Hulls  the  operational  depth  limitation  is  ini|>oxed  primarily  by  the 
fatigue  life  of  aery  lie  hearine  surfaces  supporting  the  inelallie  hatch.  It  is  this  fatigue  life  tliat 
im  (roses  the  1 000-foot  operational  depth  limit  on  the  2. 5-inch  thick  Model  ntM)  Nemo  Hull 
axxemhly  .nut  the  2000-loot  limit  on  the  nominally  4-iiteh  tliiek  Model  1000  Nemo  Hull:  the 
fa  I ip  ue  life  neing  in  both  eases  1000  dives  of  4 hour  duration  eaeli  to  the  maximum  opera- 
tional depth  without  initiation  of  fatigue  eraeks. 

Since  the  short  term  collapse  depth  of  the  nominally  2.5-inch  thick  hull  is  41  50  feet 
and  of  the  nominally  4-inch  thick  hull  is  10.000  feet,  there  was  no  doubt  that  there  existed 
a sufficient  reservoir  of  potential  structural  strength  to  warrant  research  on  improving  the 
fatigue  life  of  the  haten  hull  interface.  I he  effort  to  improve  the  latiptie  life  of  Nemo  Hulls 
was  focused  primarily  on  the  Model  1000  Nemo  Hull  with  a nominal  4-inch  wall  thickness, 
as  the  potential  operational  depth  improvement  appeared  to  be  hipher  here  than  itt  the  Model 
MM)  Nemo  Hull  with  a nominal  2. 5-inclt  thickness. 


DISCUSSION 

I he  objective  of  the  study  was  to  maximize  the  operational  depth  of  the  no-inch 
diameter  Nemo  Hull  with  a 4-inch  nominal  wall  thickness  and  maintain  the  minimum  1000 
cycle  tatipue  life  requirement  specified  for  all  acrylic  plastic  hulls. •'•*’ 

I he  approach  selected  was  to  < 1 » redesign  the  top  and  bottom  aluminum  inserts, 
i 2*  redexipn  the  interlace  between  the  insert  and  the  hull,  and  <5|  imprbvc  the  fabrication 
process  for  the  hull.  All  of  the  modifications  to  the  Nemo  Hull  design  w ere  lo  be  evaluated 
experimentally  and  analy  tically. 

I he  scope  was  to  limit  the  study  to  two  acrylic  hull  xi/cx;  the  on-inch  diameter. 
4-inclt  thick,  full  scale  operational  hull  and  the  15-inch  diameter.  I -inch  thick  model  scale 
hull.  The  cyclic  fatigue  tests  and  the  short  term  implosion  texts  were  performed  on  the 
I 54nch  diameter  model  scale  hulls  while  the  experimental  determination  of  stress  distribu- 
tion ami  comparison  with  analytical  stress  calculations  were  conducted  on  the  no-inch 
diameter  full  scale  operational  hull. 


DI-SICA  Ol  HOI  \H  INSI  RIS 


Although  i lie  existing  design  K*r  |H»lar  inserts  in  the  tm-ineh  diameter,  nominally 
4*uuh  thick  Mtiile I HWf)  Nemo  Hull  incorporated  mi  the  JOHNSON  SH  A-l.fNK  submersible^ 
was  satisfactorily  tested  to  a prooftcsl  of  2000  feet.  without  viekliiu!  ami  probably  could  Me 
iiseil  to  greater  depths.  it  contained  a large  number  ol  undesirably  high  stress  concentrations 
.itul  llius  was  considered  i|nestionaMle  lor  tlHMMoot  service.  lor  a minimal  cost,  lliese 
h, itches  were  moditied  lor  sale  operation  |o  .t(HH)  feel. 

I lie  redesign  of  existing  aluminum  polar  inserts  fur  the  iio-uuh  diameter.  4-inch 
thick  hull  i currently  m serin e with  the  JOHNSON  SEA -I  INK  siihinersjMIe,  see  Ref.  ?)  coll* 
sisled  of  redistributing  the  metal  m the  hatch  and  penetration  plate  so  that  the  resultant  of 
compressive  membrane  stresses  m the  acrylic  hull  woukl  pass  as  close  asjHmibk?  to  the 
centroid  of  the  insert  and  thus  generate  only  moderate  bending  moments  in  the  insert:  see 
I lettre  .1.  A more  detailed  description  of  system  design  including  schematic  draw  ings  is  pre- 
sented in  Appendix  \. 

I he  new  hull  assembly  was  stress  analyzed  utilizing  the  finite  element  stress  analysis 
program  lor  arbitrate  .ixisymmctric  structures,  called  /R-l.t.  as  illiistraled  in  f igure  4. 

I or  this  program  the  top  hatch  was  idealized  into  244  mules  and  .V)‘»  elements,  as 
show  n m f igure  '.  while  the  bottom  plate  was  idealized  into  22K  nodes  and  5m~  elements, 
show  n m I igure  <•.  I lie  maximum  stresses  in  the  aluminum  hatch  and  bottom  plate  were 
w.ilv  iilat oil  iii  mull  al  the  initial  penetrations  and  at  the  junctions  between  the  spherical 
aluminum  shells  and  the  circular  flanges » again  see  f igs.  5 and  Mi.  file  highest  stress  in  the 
plastic  hull  was  ptedicled  to  occur  on  the  interior  surface  at  the  point  of  contact  between 
tlv  aluminum  flanges  and  t tie  polycarbonate  gasket. 

I he  magnitude  of  the  peak  principal  stresses  in  the  top  and  I otlom  aluminum  inerts 
when  operating  at  a depth  of  5000  feet  was  predicted  to  be  24.250  and  25.400  psi.  respec- 
tively (values  derived  from  extrapolation  of  stresses  shown  in  figs.  5 and  M).  In  both  cases 
the  peak  principal  stresses  were  located  on  the  inside  of  the  central  hatch  penetrations. 

I Itcsc  peak  compressive  hoop  stresses  were  not  considered  dangerous  at  that  location  since 
the  steel  bulkhead  penetrators  would  serve  as  reinforcements  and  carry  some  of  the  com- 
pressive stresses.  I he  stresses  at  the  juncture  between  the  spherical  surfaces  on  the  hatch  and 
bottom  plate  and  their  flanges  were  also  substantial  1 20.000-25.000  psi),  but  they  were  well 
below  the  yielding  point  of  aluminum,  from  an  extrapolation  of  the  stress  values  shown  in 
figures  ’ and  N.  the  maximum  compressive  stress  in  the  plastic  hull  was  predicted  to  be 
longitudinal  and  of  I0.‘>00  psi  magniiude.  lliese  stress  levels  were  considered  acceptable 
for  operation  of  the  manned  Model  2000  Nemo  Hull  submersible  to  5000  feet  since  the 
associated  calculated  safety  factors,  based  on  yielding  of  the  aluminum  and  acrylic  plastic, 
were  approximately  1,5  for  both  materials. 


1)1. SKIN  Of  INSERT  HULL  INTERFACE 

fhe  insert  IniM  interface  successfully  utilized  in  existing  acrylic  plastic  submersibles 
NEMO.  MAKAKAl  . and  JOHNSON  SI A-l  INK  *1 . consisted  of  direct  contact  between  the 
metallic  insert  lluuge  and  the  acrylic  plastic. ' Since  the  orientation  of  the  interface 
was  radial,  shear  stresses  were  minimized.  Still,  because  of  differences  in  structural  rigidity 


between  tiK-  mcl.illii  inserts  .uul  I In-  pl.Mi,  hull,  m » 1 1 1 1 ililliiiiili.il  mewmviil  bi-tween  the 
inserts  unrf  the  acrylic  hull.  as  welt  as  bending «»!'  the  hull,  lakes  place  which  causes  shear 
crack*  to  appear  in  those  areas  of  the  acrylic  plastic  that  come  in  contact  w ith  the  metallic 
inserts. 

There  were  two  options  available  lor  elimination  of  the  shear  cracks,  line  feasible 
approach  was  to  replace  t he  metallic  inserts  w ith  discs  made  of  aery  lie  plastic  w it  h the  same 
rigidity  and  compressihility  as  Hie  plastic  hull,  the  other  approach  was  to  place  a compliant 
gasket  between  the  rigid  metallic  insert  and  the  limber  plastic  hull.  Of  these  two  approaches, 
the  «im<  of  gasket*  w a*v»per<rtit«urHy  more  appealing  as  ft  allowed  llte  retention  of  opera!  ion* 
ally  proven  metallic  inserts  with  the  desirable  high  heal  transfer  coelfieicnis.  this  left  only 
Hie  selection  of  Ihc  right  type  and  thickness  uf  gasket. 

The  gasket  finally  selected  for  the  Model  '000  Nemo  Hull  assembly  was  otic* inch 
thick  polycarbonate  plastic  tsce  tig.  4.  Appendix  At.  Poly  carbonate  plastic  w.e  chosen 
because  of  its  toughness,  resistance  to  crack  propagation,  and  modulus  of  elasticity  that 
matches  that  of  acrylic  plastic.  Because  of  the  I -inch  wall  thickness,  the  gasket  possessed 
sufficient  inherent  structural  strength  to  prevent  it  from  being  extruded  into  the  hull  intern1} 
In  outside  hydrostatic  pressure.  Also,  the  circumferential  flange  on  the  exterior  edge  of  the 
gasket  serves  us  a seal  retainer,  which  keeps  the  water  from  cnJeruig  Hie  mint  between  the 
polycarbonate  gasket  and  the  acrylic  plastic  hull.  I lie  seal  consisted  ot  room  temperature 
vulcanizing  silicone  rubber  dispensed  from  a lube  into  the  space  betw  een  the  gasket  flange 
and  the  acrylic  hull. 


IMPROVf  MtNTOF  FABRICATION  PROCISS 

I lie  fabrication  process*’  developed  for  the  lirst  acrylic  plastic  Nemo  submersible* 
was  also  used  in  the  fabrication  of  the  acrylic  plastic  hulls  for  MAKAKAl'1  and  the  JOHN- 
SON SI  A-I.INK  and  Incused  primarily  on  the  attainment  ol  light  dimensional  tolerances 
im  the  sphcricit)  ol  the  hull  exterior.  Hie  variation  in  thickness  of  individual  spherical 
pentagon  modules  remained  a function  ol  commercial  casting  tolerances  for  individual 
plates.  Because  <>i  this  dependency,  the  thickness  of  individual  spherical  pentagons  varied 
as  much  .is  Ml.  '50  ot  an  inch. 

I lie  huge  variation  in  thickness  was  acceptable  so  long  as  il  was  economically  accept- 
able to  nte  tin  operational  depth  capability  ol  a Nemo  Hull  on  the  basis  of  minimum  hull 
I hick  ness,  .uul  the  mismatch  in  thickness  between  individual  spherical  pentagons  w as  not 
considered  optically  objectionable.  However,  when  emphasis  was  placed  on  cost  effective- 
ness of  the  acrylic  hull  us  a structure  and  as  an  optical  system,  il  became  economically 
untenable  to  tolerate  stieli  a large  variation  in  wall  thickness.  The  thicker  portions  of  the 
hull  would  have  constituted  additional  ballast  (hut  detracted  from  the  payload  and  added 
nothing  to  the  depth  capability.  In  addition,  the  mismatches  in  thickness  between  individual 
spherical  pentagons  would  have  created  a noticeable  optical  distortion  for  the  crew  of  the 
' ehicle. 

Obviously,  the  key  to  uniformity  of  wall  thickness  was  to  use  thick  acrylic  plastic 
spherical  pentagons  of  uniform  thickness  in  the  construction  of  the  hull.  Basically,  there 
were  three  tevhnkiues  available  for  attainment  of  uniformly  thick  spherical  pentagons: 

( 1 1 custom  casting  ol  acrylic  plates  to  very  light  dimensional  tolerances,  (Jl  grinding 
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.•It  -Hie  shell  .1.  i\  lu  plalcs  !••  .•  iimlomi  Ihiikiicss.  .m.l  t 5 1 gi  Hiding  spherical  sectors  to  uni- 
form curv.it ur'  and  thickness  alter  thcintoforiiiing  of  plates.  Of  these  three  techniques  the 
last  irm*  was  found  to  produce  the  smallest  thickness  variation  at  approximately  the  same  or 
less  cost  than  required  by  the  other  techniques  l lte  tolerances  on  hull  thickness  attained  by 
grinding  of  formed  spherical  sectors  were  itl.OStl  inches. 

IABKKATION 
l ull  Scale  Assembly 

Acrylic  HtiH 

llte  ito-nuh  <M>  r 5 s-iitch  ID  Model  >000 acrylic  plastic  Nemo  Hull  (see  figs.  '>  and 
HO  was  fabricated  by  Swedlow.  hie.,  basically  in  the  same  manner  as  the  previously  built 
Nemo  Hulls.  * * ■'  I he  only  improvements  over  the  previous  fabri  alion  tecliniquv  were  the 

eonlotir  grinding  of  formed  spherical  sectors  and  placement  of  adhesive  into  the  joints 
between  spherical  pent  aeons  by  means  of  hydrostatic  pressure,  I abrication  techniques, 
dimensional  drawings,  and  relevant  eontrael  eorrespoiulenee  are  presented  in  Appendix  B. 

Awry  lite  ";  plates  manuiaetured  by  Monsanto  served  as  basic  construction  material. 

I he  stringent  material  quality  control  procedures  developed  by  N(T  I.  and  I’MR  for  the  pro* 
toty  pe  Model  ot)0  Nemo  Hull  w ere  applied  here  also.-  Testing  of  material  specimens  showed 
that  the  4. 1 >'5  nominally  thick  Aery fi l e met  the  physical  properties  criteria  listed  in  Table  I , 
as  established  by  the  Navy  for  aery  lie  plastic  windows  and  pressure  hulls  in  maimed  service.--^ 

Because  of  improved  fabrication  techniques,  not  as  many  dimensional  tolerances 
were  required  in  building  the  Model  >000  Nemo  Hull  as  were  required  for  the  Model  1000 
Nemo  Hull  fabricated  for  Hie  JOHNSON  SI  A-I.INK  submersible."7  Thus,  whereas  the  Model 
1000  Nemo  Hull  thickness  varied  from  5.S44  to  4,040  inches,  the  Model  2000  Nemo  Hull 
varied  only  from  4.000  to  4,  loo  inches.  Similarly,  whereas  the  sphericity  of  Model  1 000 
Nemo  Hull  varied  from  no. 250  to  n5,K00,  the  Model  2004 Nemo  Hull  varied  only  from 
(Ui.005  to  f>5,‘M)0  inches.  Assembly  dimensions  for  the  Nemo  Model  2000  are  listed  in 
I able  2. 

I he  only  area  that  did  not  realize  a significant  improvement  in  the  fabrication  proc- 
ess was  the  hooding  o|  joints  between  individual  pentagons.  A comparison  of  the  545b  to 
’K04  psi  bond  strength  achieved  lor  the  4-inch  thick  Model  1000  Nemo  llull^  with  that  of 
the  5 I 25  to  01  I ft  psi  bond  strength  attained  for  the  Model  2000  Nemo  Hull  Indicates  that 
Hie  strength  of  bonded  joints  in  both  hulls  is  about  the  same.  This  hold1.  true  also  for  the 
quality  of  the  joint.  Both  the  number  and  size  of  inclusions  was  about  the  same  us  shown 
in  figure  I I a and  h.  I his  indicates  that  although  the  technique  of  emplacing  the  adhesive 
into  the  joint  and  the  polymerization  regimen  have  been  drastically  changed  since  the  fabri- 
cation of  the  first  Model  MM)  Nemo  Hull  in  I'toK-  the  performance  of  the  bonded  joint  has 
not.  Since  the  entire  Nemo  i lull  is  under  compression  when  submerged  to  operational  depth, 
very  little  incentive  exists  to  effect  further  improvements  In  the  tensile  qualities  of  the  joints. 


lahle  I.  Physical  l'i operticsof  Acrylic  Plastic  Hull 
for  6ft  Inch  OD  X 5J*  Inch  il>  Nemo  Model  2000 


Minimum 

A rerage 

Maximum 

1 . Proper!  ies  of  Plast  ie* 

AST  M D-638 

Ultimate  Tensile  Strength,  psi 

1.545 

10.172 

12.331 

Klongation.  percent 

3.0 

5.211 

7.0 

Modulus  of  1*  last icity . psi 

42K.OOO 

465.583 

505.000 

ASTM  IV7‘>0 

Ultimate  flexural.  psi 

15,238 

17.736 

18.686 

Modulus  of  Elasticity,  psi 

415.000 

463.125 

487.000 

ASTM  D-732 

Ultimate  Shear  Strength,  psi 

0.880 

10.088 

1 1 .500 

ASTM  D-6‘>5 

C ompressive  yield,  psi 

17.700 

18,416 

11.600 

Compressive  modulus,  psi 

500.000 

5 '0.4 16 

570.000 

ASTM  D-021 

Defoimation  under  load; 
4000  psi.  1 22  I-  for  24  hours 

0.42 

0.55 

0.72 

2.  Properties  of  bunded  joints** 

ASTM  D-t.38 

Ultimate  tensile  strength,  psi  5,123  7.;:  15  1,116 


* Total  of  1 20  specimens  taken  from  ! 2 acrylic  plastic  plates  with  4. 1 25  X 48  X 60  inches 
nominal  dimensions. 

♦♦Total  of  1 2 specimens  taken  from  test  blocks  bonded  for  quality  control  purpose. 
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i able  2.  Dimensions  at  tile  ho  inch  OI>  X 5H  Inch  ID  Hull 
tor  Nemo  Model  2000  Assembly 


1.  Individual  Pentagons 


Thu  kill's*  m C on  lour  Deviation  ** 


Pentagon 

Maximum 

Minimum 

Maximum 

Minimum 

A 

4.070 

4.035 

0.075 

0005 

B 

4.075 

4.040 

0.070 

0.010 

( 

4.070 

4.020 

0.070 

o.oto 

1) 

4.100 

4.050 

0.100 

0.030 

1 

4.070 

4.050 

0.070 

0.010 

1 

4.110 

4.005 

0.040 

0.020 

(. 

4.060 

4.030 

0.150 

0.050 

II 

4.065 

4.010 

0.100 

0.020 

1 

4.0*10 

4.060 

0.100 

0.010 

J 

4.U70 

4.050 

0.100 

0.020 

K 

4.050 

4.000 

0.100 

0.020 

L 

4.030 

4.000 

0.0^0 

0.010 

2.  Sphere  Assembly 
Spherical  Deviations 
Total  of  5 Measurements 

Maximum 

0.100 

Minimum 

H).0*>5 

* Total  of  6 measurements  per  pentagon 
* "Total  of  5 measurements  per  pentagon 


Metallic  Polar  Inserts 

The  top  hatch,  top  hatch  ring,  and  bottom  plate  for  the  66-inch  OD  hull  were  fabri- 
cated by  machining  6061 -T ft  aluminum  forgings,  as  pictured  in  Figures  12a.  h and  13a.  h 
(also  see  Appendix  B).  Material  quality  control  of  the  aluminum  forgings  indicated  a com- 
pressive yield  strength  of  36.300  psi  and  ultimate  compressive  strength  of  43.100  psi.  Spe- 
cial attention  was  paid  to  the  machining  of  beveled  seal  seating  surfaces  to  assure  positive 
sealing  and  good  bearing  contact. 
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Polycarbonate  Bearing  Gasket 


The  hearing  gaskets  shown  in  Figure  14  between  the  metallic  polar  inserts  and  acrylic 
plastic  hull  were  machined  from  polycarbonate  plastic  plates.  Material  quality  control  of  the 
polycarbonate  plates  used  as  machining  stock  showed  that  the  material  was  acceptable  fur 
this  application.  The  physical  properties  are  summarized  in  Table  .1. 


Tabfc  3.  Physical  Properties  of  Polycarlx>iiatc  Plastic  Gaskets 
for  Mi  Inch  Of)  X 5b  Inch  II)  of  Nemo  Model  2000 


Minimum 

A remgr 

Maximum 

ASTM  l)-o3X 

t'ltimate  Tensile  Strength.  psi 

<>.(*40 

7.170 

7.090 

Flongation.  percent 

2.3 

2,<> 

2.8 

Modulus  of  Plasticity,  psi 

5 20, (XM) 

320.000 

320.000 

ASTM  l)-’4H> 

Ultimate  Flexural,  psi 

1 1 JIM) 

1 1 .‘>00 

1 2.000 

ASTM  D-732 

t'ltimate  shear  strength,  psi 


ASTM  IWi‘>5 


Com  press!  ve  yield,  psi 

12.500 

1 2 .K00 

13.000 

C ompressive  modulus,  psi 

300.000 

370,0<X) 

3X0,000 

ASTM  D-C.21 

Deformation  under  load, 
percent  4CMX)  psi.  1 22  F lor 
24  hours 

0.12 

0.13 

0.14 

ASTM  D-250 

I«hJ  impact  strength 

0.0? 

0.7o 

0.X5 

ASTM  D-570 

Water  absorption,  percent 
24  hours 

0.14 

0.15 

0.15 

SlIUV  .1  pol\  carbonate  pl.ilo  Ml  O-iildl  thickness  Is  currently  IlMl  fabricated  l>y  illdtls- 
iry . several  half-inch  thick  p!ats*s  were  bonded  together  to  form  a Much  thick  block. 
Although  the  bonding  was  performed  by  (General  I’ lee  trie,  tlte  develo|vr  of  polycarbonate 
plastic,  the  quality  awl  strength  of  the  joints  were  less  than  of  the  parent  material.  Addi- 
tion.) I efforts  by  Southwest  Research  Institute  tSWRIl  were  made  to  improve  the  bonding 
technique,  although  these  too  failed  to  yiekl  perfect  joints.  However,  in  view  of  the  fact  that 
l he  gasket  is  in  compression  when  incorporated  into  the  Model  2000  Nemo  Hull  assembly, 
less  Ilian  perfect  bonded  joints  were  considered  as  acceptable  for  compressive  loading  service. 

Scalr  Model  Assembly 


Acrylic  Hull 

I be  1 5-incli  Ol)  X l.t-inch  II)  acrylic  plastic  hulls  were  fabricated  by  e Technical 
Support  Department  of  the  Pacific  Missile  Range:  figure  15  pictures  one  of  l1. esc  hulls.  The 
same  Iherinoforming.  machining,  and  bonding  techniques  were  used  to  fabricate  this  scale 
model  as  were  used  in  the  fabrication  of  prototype  models  developed  for  the  Nemo  research 
program  in  Duality  control  of  acrylic  plastic  and  of  bonded  joints  showed  that  the 

scale  model  materials  met  the  same  specifications  as  did  the  full  sea  Ic  (»Mncli  diameter  hull, 
l our  scale  models  have  been  fabricated. 


Metallic  Polar  Inserts 

The  polar  inserts  lor  the  1 5*inclt  Ol)  model  scale  hulls  were  fabricated  by  machining 
aluminum  and  titanium  forgings  (see  Appendix  At.  The  MIM-Th  aluminum  inserts  were 
structural  scale  models  of  the  aluminum  polar  inserts  in  the  bMnch  diameter  hull:  see  fig- 
ures I <>a,  h awl  I "a.  h.  I he  I iSiAWV  titanium  inserts  show  n in  f igure  INa.  b.  e.  d repre- 
sented simplified  scale  models  of  an  alternate  design  for  the  hMnch  Ol)  hull  polar  inserts, 
except  that  titanium  was  utilized  instead  of  aluminum. 

Polycarbonate  bearing  Gaskets 

Ihc  polycarbonate  bearing  gaskets  l sec  Appendix  At  were  machined  from  I -inch 
t hick  polycarbonate  plates  ( l.exan  < P-HXi.  Common  machine  shop  practices  were  used  to 
achieve  the  desired  finish  awl  tolerances. 


»> 
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Model  Scale  Hulk 


Static  Tests 

One  1 5-inch  OD  X 13-inch  ID  scale  model  hull,  shown  in  figure  1 **.  was  subjected  to 
a v’.ics  of  hydrostatic  tests  which  culminated  in  the  implosion  ot  the  hull.  The  objectives 
of  the  static  tests  were  to  tit  establish  the  validity  of  aluminum  hatch  design  for  ocean 
depth  operation  to  30*10  feet.  1 2 1 measure  the  stress  wave  emissions  of  the  acrylic  hull. 
t3i  measure  the  creep  of  the  hull  at  depths  to  .1000  feet,  and  <4>  determine  the  short  term 
implosion  depth  of  the  Model  2000  Nemo  Hull  assembly.  To  accomplish  these  objectives 
the  scale  model  of  the  Model  2000  Nemo  Hull  was  instrumented  with  10  electric  resistance 
strain  gauzes  and  an  acoustic  transducer  with  a 1 00  kH/  response  capability,  as  shown  in 
f igure  20. 

Static  tests  were  conducted  at  a room  temperature  range  between  70-75  I in  the 
pressure  test  facilities  of  the  Southwest  Research  Institute.  Sun  Antonio.  Texas. 

1.  Pressurize  the  15-inch  OD  X l.t-jnch  ID  Nemo  Model  34  to  1350  psi  at 
100  psi  minute  rate,  hold  for  4 hours  at  that  pressure,  depressurize  at 
100  psi. minute  rate  to  0 psi.  allow  to  relax  for  4 hours  prior  to  next  test. 

2.  Pressurize  the  15-inch  OD  X 13-inch  ID  Nemo  Model  34  to  000  psi  at 
100  psi  minutc  rate,  hold  for  4 hours  at  that  pressure,  depressurize  at 
100  psi,  minute  rate  to  0 psi.  allow  to  relax  for  4 hours  prior  to  next  test. 

3.  Pressurize  the  15-inch  OD  X 13-incl)  ID  Nemo  Model  34  to  implosion  at 
1 00  psi  minute  rate. 


Cyclic  Tests 

Three  15-inch  OD  X l t-inch  ID  Nemo  Hull  scale  models  were  subjected  to  a series 
of  pressure  cycling  tests,  i he  objective  of  the  pressure  cycling  tests  was  to  establish  ( I ) the 
lutigue  life  of  bearing  surfaces  in  aery  lie  plastic  hulls  that  are  in  direct  contact  with  metallic 
polar  inserts  and  1 2>  the  fatigue  life  of  bearing  surfaces  in  acrylic  plastic  hulls  that  arc  not  in 
direct  contact  with  the  metallic  polar  inserts  but  interface  through  a polycarbonate  bearing 
gasket : an  assembly  drawing  of  these  contact  points  is  shown  in  f igure  21.  I o achieve  these 
objectives,  the  bearing  surfaces  of  the  acrylic  hulls  were  to  be  inspected  at  the  conclusion  of 
the  pressure  cycle  tests. 

Pressure  cycling  of  the  scale  model  consisted  of  a series  of  tests  conducted  at  a room 
temperature  range  between  70-75  T m the  pressure  test  facilities  of  the  Naval  C ivil  f'nginccr- 
ing  l aboratory  iNCTl.t,  Port  llucncmc. < alifornia.  performed  as  follows. 

I . Pressurize  the  1 5-inch  OD  X 1 3-inch  ID  Nemo  Model  No.  35  to  500  psi 
at  100  psi  minute  rale:  hold  at  this  pressure  for  4 hours:  depressurize  at 
100  psi. minute  rate  to  zero  and  relax  at  that  pressure  for  4 hours  before 
initiating  the  next  pressure  cy  cle.  Repeat  the  pressure  cycle  1000  times. 
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2.  Pressurize  the  1 5-iiuli  ()|)  X Li-indi  It)  Nemo  Model  No.  .lit  to  1000  |ni 
at  100  psi  minute  rale:  hold  at  this  pressure  lor  4 hours,  depressurize  at 
100  psi  minute  rate  to  zero  and  relax  at  that  pressure  for  4 hours  before 
initiatini:  the  next  pressure  cycle.  Repeat  the  pressure  cycle  I (MM)  times. 

.V  Pressurize  the  1 5-inch  Ol>  X | 5-inch  II)  Nemo  Model  No.  57  to  1 500  psi 
at  1 00  psi  minute  rate:  hold  at  this  pressure  for  4 hours:  depressurize  at 
KM)  psi  minute  rate  to  zero  and  relax  at  this  pressure  tor  4 hours  before 
initiatinu  the  next  pressure  cycle.  Repeat  the  pressure  cycle  I (MM)  limes. 

Full  Seale  Hull 


Sialic  Tests 

The  ('iii-ineh  (>l>  X 5X-inch  II)  full  scale  Model  2000  Nemo  Hull  assembly  was  sub- 
jected to  a series  of  hydrostatic  tests  at  SWRI.  which  culminated  w ith  a 4000-foot  depth 
proof  test:  figure  22  pictures  the  Model  2000  Nemo  Hull  with  the  SWRI  pressure  vessel. 

I he  objectives  of  the  static  tests  were  to  1 1 1 establish  experimentally  the  strains  and  stresses 
imposed  on  the  Model  2(MM)  Nemo  Hull  assembly  at  a .f»MM)-foot  operational  depth  for  com- 
parison with  the  analytically  generated  data  and  < 2)  prove  that  the  full  scale  Model  2000 
Nemo  Hull  assembly  could  withstand  pressures  to  a depth  of  5000  feet  without  permanent 
del orm.it ion.  lo  accomplish  these  objectives,  strains  were  to  be  recorded  during  all  of  the 
tests  at  20  locations:  the  location  of  the  strain  gages  on  the  Model  2000  Nemo  Hull  is  show  n 
in  figure  25. 

I he  static  lest  series  consisted  of  the  follow  mg  tests  conducted  at  a room  tempera- 
ture which  ranged  between  (i5-75  F in  the  I'rcssure  lest  facilities  of  the  Southwest  Research 
Institute.  San  Antonio.  I exas: 

1.  Pressurize  to  450  psi  at  KM)  psi  minute  rale,  hold  at  that  pressure  for  24 
hours,  depressurize  to  0 psi  at  KM)  psi  minute  rate,  and  relax  at  that 
pressure  lor  24  hours  prior  to  beginning  of  next  test. 

2.  Pressurize  to  ‘>00  psi  at  KM)  psi  minute  rale,  hold  at  that  pressure  for  24 
hours,  depressurize  to  0 psi  at  100  psi  minute  rate,  and  relax  at  that 
pressure  for  24  hours  prior  to  beginning  of  next  test. 

5.  Pressurize  to  1550  psi  at  KM)  psi  minute  rate,  hold  at  that  pressure  for 
24  hours,  depressurize  to  0 psi  at  100  psi. minute  rate,  and  relax  at  that 
pressure  lor  24  hours  prior  to  beginning  of  next  test. 

4.  Pressurize  to  LSOO  psi  at  KM)  psi minut.  rate,  hold  at  that  pressure  for 
24  hours,  depressurize  to  0 psi  at  KM)  psi  minute  rate,  and  relax  at  that 
jrressiire  for  24  hours  prior  to  beginning  of  next  lest. 

No  cyclic  tests  were  performed  on  the  full  scale  Model  2000  Nemo  Hull  assembly . 
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Stresses 


I he  1 5-inch  Ol)  X | 5-inch  II)  Nemo  Model  54  assembly  performed  satisfactorily  at 
simulated  depths  to  5000  feet.  The  highest  measured  principal  stress  of  -50No  psi  in  the 
aery  he  hull  was  ott  the  interior,  located  at  the  edge  of  the  top  polar  opening  1 0.5(H)  inches 
away  from  aluminum  hatch t and  orientated  along  the  meridian  of  the  sphere:  recorded  stress 
values  are  listed  in  I able  4 (also  see  Injure  1*0.  It  is  worth  noting,  however,  that  its  magni- 
tude was  approximately  only  It)  percent  larger  than  the  average  stress  of  -4n42  psi  measured 
at  the  equator  on  the  interior  of  the  sphere.  litis  can  be  explained  by  the  fact  that  the 
stress  riser  ellect  of  the  metallic  insert  decays  rapidly  with  distance  from  the  hatch.  Since 
the  strain  gage  was  located  approximately  4 degrees  away  from  the  edge  it  did  not  measure 
the  peak  stress  but  rather  the  tail  etui  of  it. 

I tie  maximum  stress  n|  -15. "14  psi  in  the  polar  aluminum  niserls  was  measured  on 
the  inside  surface.  adiaeenl  to  the  flange,  in  the  bottom  plate,  and  its  orientation  was  in 
the  longitudinal  direction. 

i he  highest  measured  stresses,  both  on  the  acrylic  hull  and  the  aluminum  inserts 
during  the  simulated  .live  to  5000  I eel.  were  well  below  the  y icld  points  ol  their  icspeetixe 
materials.  All  strains  were  observed  to  return  to  zero  upon  completion  of  the  relaxation 
period  following  the  simulated  dive  to  5000  leel  t sec  I able  4).  for  both  the  acrylic  plastic 
and  aluminum.  Hie  apparent  satcly  factors,  based  on  the  short  term  y ielding  of  material, 
were  well  m excess  of  2.  On  the  basis  of  these  stress  measurements  it  was  concluded  that 
1 1 i the  proposed  design  of  hatches  was  adequate  for  diws  to  5000  feet  and  that  t 2 l the 
whole  lull  scale  Model  2000  Nemo  Hull  assembly  could  be  satety  tested  at  least  at  depths 
to  5000  leet. 


Implosion  Resistance 

I he  I 5-inJi  Ol)  x I 5-ineh  ID  Model  54  Nemo  Mull  imploded  under  short  term  pres- 
sure loading  at  a simulated  depth  ol  IO.oOO  feel.  I he  assembly  fail>  d by  general  plastic 
instability  . the  fragmented  model  is  shown  m I igurc  24  I lie  highest  measured  sti  esses  in 
the  aluminum  hatches,  prior  to  implosion,  were  Pound  to  be  at  locations  -4  and  — " (see 
figure  1 'D.  and  their  magnitude  was  in  the  -55.000  to  -5'). ()()()  psi  range,  as  show  n in  I ig- 
urc 25.  I he  10. (lOO-loot  short  term  implosion  depth  of  Model  54  gives  the  scale  model  a 
5.5  safety  margin  tor  catastrophic  dives.  Data  .eduction  of  the  hydrostatic  tests  is  docu- 
mented in  Appendix  ( . 


Acoustic  hmission 

I he  I 5-inch  Ol)  X I 5-inch  ID  Model  54  was  a good  source  of  acoustic  emission  dur- 
ing the  first  pressurization  to  I 550  psi;  I igure  2<*  presented  a histogram  of  stress  wave 


7g^W'>->y^'gy^‘'*yy'?c  ->l7 


r 
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I able  4.  Strains  in  1 5 Inch  Ol)  X 1 3 Inch  ID  Nemo  Model  #34 
_ during  .Simulated  Dive  at  Depths  tojUXK)  Feet 


\o 

< taxes 

l.iittllinH 

Strain  nm  m iniln'\,iinh 
Uonp  l.onitittnlinal 

Stress  (put 

Unop  l.nUXitiuillial 

la 

I'qnator.  outside 

A 

-5  .'tOO* 

-5.700* 

-3.345* 

-3.284* 

H 

-6.700 

-O.300 

< 

0 

-1(H) 

lb 

tqualor.  inside 

A 

-8.200* 

-8.000* 

-4  .(>81* 

-4.604* 

B 

-‘>.550 

-K.*>00 

< 

+ 10 

+25 

2h 

1 dge  of  top  polar 

A 

-n.voo* 

-‘>.500* 

-4.286* 

-5.086* 

opening.  inside 

H 

-’.700 

-1.1(H) 

( 

-50 

-100 

3h 

l ip  of  flange. 

A 

-‘>00* 

+ 150* 

-‘.’.386* 

-l.3l‘>* 

bottom  plate; 

It 

-‘>00 

+ 150 

inside 

( 

0 

0 

4a 

Root  of  flange. 

A 

-275* 

-50* 

-3.187* 

-1.456* 

bottom  plate; 

B 

-275 

+ 100 

outside 

< 

0 

0 

4b 

Root  of  flange. 

A 

-o00+ 

-1.250* 

-10.714* 

-15.714* 

bottom  plate; 

B 

-700 

-1.350 

inside 

C 

0 

0 

5 a 

Root  llanee,  top 

A 

-100* 

malfunc- 

-l.0‘>‘>* 

-330* 

hatch,  outside 

B 

-loo 

tioning 

< 

0 

s.  gage  0 

5 b 

Root  of  flange. 

A 

-1 .100* 

-2(H)* 

-12.747* 

-5.824* 

top  hatch. 

U 

-1.100 

-2(K> 

inside 

( 

0 

0 

(ib 

1 dge  of  bottom. 

A 

-N.300* 

— <».‘>(H)* 

-4.558* 

-4.127* 

polar  opening!. 

B 

-‘>.200 

-7.800 

inside 

( 

0 

+ 250 

7b 

l ip  of  flange. 

A 

-1.300* 

+3(M)* 

-I3.2‘>7* 

-‘>8‘>* 

top  hatch. 

B 

-1.3(H) 

+3(H) 

inside 

< 

0 

0 

Note  A*  Immediately  alter  pressurization  to  3000  foot  depth 
H.  Alter  lour  <4i  hours  at  3000  foot  depth 
( '.  After  1 6 hours  of  relaxation  at  0 depth 
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'ii-  \\  Ik  i:  .it  let  i . I.:  \.i! ii  m .1 1 1 » p-i . \l<  *»!<.  ! ' I vv .in  pi iamii  1/.  it  l<  > * M M t ;>si  m > t ui  llicl 
acoustic  emission  bursts  were  recorded  which  indicated  that  l Ik*  aery  he  hull  exhibits  .1  very 
marked  Kaiset  el  led. 

Duriut*  i Ik*  final  piesstuc  li*sl  to  implosion.  Model  54  emitted  sjptitiicant  numbers  ot 
acoustic  emissions.  although  only  at  li  t tin*  pressure  pasM.il  Ilk*  ‘*5(M)-l'oot  ik*ptl)  mark.  I huv 
between  M ami  ‘»5ltllfcd  there  weio  less  tli.in  50  emissions,  as  shown  in  I ttMire  5~.  Obviously 
tlii'ii.  tin*  mi|vndm;‘  implosion  ot  the  avi  s lie  hull  could  have  hcen  stopped  durinp  tlu*  siinu- 
lated  djii-  at  about  5 00  ted  above  implosion  depth  on  the  basis  ot'  the  acoustic  emission 
record  me  i see  I it'.  5m. 

Cyclic  I a I iit  ue  l ra/i  ng 

t»l  'si  i \al  ion  oi  I ' in  cliO|)  * I '-mill  II)  Models  55.  5f»  and  5".  altei  lOUOsmui- 
l.ilcd  4-lioui  loin*  due',  shown  iii  I inure  JN.  revealed  that  only  Model  5~  which  was  pressure 
i\ ilcd  to  ,i  depth  "I  5 'Hi  ted  iud  dtirlil  indication  ol  .yelk  l.ilh'iie.  vv  licicas  Models  55  and 
5i<  m In. Ii  w eie  pressure  i \ i led  to.  respi'i li\el\ . I I 50  and  5540  leet  showed  im  syiu  ol 
cyclii  l.itidie.  I lie  cyelis  tatipuc  iii  Model  5’  eslubileil  sliplil  era/ i up  ot  its  conical  bearing! 
siirtaee  m the  polar  openmp  ol  the  ady  lie  hull,  which  was  evposeil  to  direct  contact  with 
I he  met. din  insert  see  I ipute  5*».  I lie  otliei  polar  opemiif  in  Model  4".  in  which  the  acrylic 
I >c . 1 1 me  sin l.u e was  n.. t m direct  contact  with  the  indallie  insert  did  n >1  cra/e.  I rout  this, 
it  can  be  concluded  tliat  at  a cy  elk  litstoi  y ot  less  than  I 00(1  dives  tin  poly  carbonate  basket 
has  ,i  siL'iut  i.  ,m  l cites  t otilv  w hen  the  ma  sun  mu  pii'Mitc  in  a dive  is  55MI  led  ol  more.  \l 
lesser  depths  the  poly  eat  bon.ite  casket  also  meieases  the  tatipuc  111  e ol  the  aery  lie  hull, 
altliouch  mote  than  1 000  dives  ate  ivipmcd  to  show  experimentally  the  be.ielicial  ellect  ol 
tile  poly  i. ii  bon.it.  lt.iskel. 

It  is  important  to  point  out  lure  lli.il  even  in  Model  5"*  which  was  the  only  specimen 
with  siei'sol  iv.lii  i.itipucon  the  aery  lie  beat  me  surface,  tlic.lalipuc  exhibited  itsell  lit  the 
ti>!ii:  ot  b.u.'ly  iiotk  .'able  iin/iiiL’.  Based  on  past  experience,  it  can  Iv  conservatively  pre* 
dieted  ’.I’d  il  would  take  at  least  another  I00O  dives  to  55td)  teet  before  the  cia/iltp  Would 
ddenoi.de  into  .tasks  I 5-iiiih  deep  .uni  thus  rc'iouc  rcmachminp  ol  the  be.irini!  siirtaee. 

(reop 

II  1 1. 1 p obset veil  dur  me  4 hour  siist.uiied  I* '.uliiie  lo  1 550  p\i  vv.is  sipuilic.mtly 
hiy  Iter  1 1 tail  dui  me  siist, imed  load  me  to  l»00  psi.  as  show  n in  i ip  lire  s 50  and  51.  I lie  mapni- 
tnde  o|  creep  in  both  eases  was  about  I 5 percent  ot  short  term  strain.  As  expected  finapni- 
tinle  ol  creep  is  a tmution  not  only  ol  nine  lull  alsool  short  term  strain >.  creep  was  more 
substantial  at  the  cdecs  ol  polar  openmps  than  at  the  eipialor.  Similarly  . it  was  larpcr  on  the 
interior  ot  the  hull  than  on  its  exterior. 

I lie  creep  returned  to /cm  altei  several  hours  of  relaxation  at  zeto  pressure,  mdii.it- 
me  that  the  creep  observed  did  not  represent  permanent  ddotmaliou  of  plastic. 


l ull  Scale  lesls 


Cieund  Performance 

The  Mr-inch  tH>  X 5K-inch  ID  Nemo  Model  '000  withstood  sueeessfully  the  four 
successive  24-hour  hydrostatic  pressure  loadings  to  450.  000.  1350  and  IH00  psi  without 
any  appearance  of  cracks  in  the  acrylic  and  only  minor  surface  cracking  in  the  polycar- 
bonate plastic  hearing  surfaces  at  the  polar  openings. 

Strains 

tin  imnwituik  of  strains  observed  during  the  24-hour  prcssuri/ulion  tests  is  shown 
in  I ilMirc  32:  recorded  stress  values  are  listed  in  I able  5.  Stress  range  was  predicted  by  t It 
tile  /IP-13  finite  element  computer  program  and  <2)  strains  generated  during  the  hydro- 
static testing  of  the  1 5-inch  OI>  X 1 3-inch  ID  Model  34.  I hc  fact  that  the  acrylic  hull  of 
Model  34  was  approximately  10  percent  thicker  than  required  by  the  1:4.4  scaling  factor 
hud  to  he  taken  into  consideration  during  comparison  of  strains  measured  on  the  15-inch 
and  Mi-inch  diameter  hulls. 

I he  highest  strains  in  acrylic  plastic  were  measured  on  the  interior  of  the  hull  at  the 
edge  of  the  lop  polai  opening.  I he  strains  at  the  edge  of  the  bottom  polar  opening  were 
about  10  percent  less,  reflecting  the  fact  that  the  bottom  aluminum  plate  is  significantly 
less  stiff  than  the  top  hatch.  The  ratios  between  longitudinal  and  hoop  strains  at  both  loca- 
tions were  in  the  3: 1 -4: 1 range. 

I he  interior  longitudinal  strain  at  the  top  polar  opening  was  100  percent  greater 
than  the  interior  longitudinal  strain  at  the  equator,  while  the  interior  hoop  strain  at  the  top 
polar  opening  was  50  percent  less  than  the  interior  hoop  strain  at  the  equator.  The  exterior 
longitudinal  strain  at  the  top  polar  opening  was  only  20  percent  greater  than  the  exterior 
longitudinal  strain  at  Ihe  equator,  while  the  exterior  hoop  strain  at  the  top  polar  opening 
was  7q  percent  less  than  the  exterior  hoop  strain  at  the  equator.  On  the  aluminum  polar 
inserts  the  highest  strain  was  measured  on  the  interior  surfaces  of  1 1 1 the  bottom  plate  at 
location  so  in  longitudinal  direction  and  < 2>  the  top  plate  at  location  *13  in  longitudinal 
direction  tsee  I ig.  23 1. 

Magnitude  <>l  (m/>  at  the  equatorial  surtaeesof  Ihe  hull  was  approximately  the 
same  as  t hat  recorded  l or  Model  34.  It  was  for  all  practical  purposes  absent  during  the 
24  hour  pressurizations  to  450  and  000  psi.  but  it  became  noticeable  1 20-25  percent 
increase  over  short  term  strain)  during  i 350  psi  pressurization  and  was  significant  1 25-30 
percent  increase)  during  I X00  psi  pressurization,  us  can  be  seen  in  l-igurc  32u  through  I. 

The  numerical  value  of  strains  >m  the  interior  surface  at  the  equator  after  24  hours  o!'  sus- 
tained loading  was  in  the  2500-3000.  5000-O000.  ‘>000—  1 1 .000  and  13.000-15.000  micro 
inches  inch  range  for.  respectively.  450.  000.  1 350 and  IH00  psi  pressurizations.  (See  figs. 

.3 2 i and  32j.l 

The  numerical  values  of  creep  on  Ihe  interior  hull  surface  at  the  edges  of  top  and  bot- 
tom penetrations  were  higher  than  at  the  equator,  but  in  terms  of  short  term  strain  percentage 
t hey  were  not  different  from  those  at  the  equator.  Al  ter  24  hours  of  sustained  loading  the 
lonettudinal  strains  at  penetrations  were  in  the  4000-4500.  X000- 1 0.000.  1 5.000-1 0.000 
and  22.000-27.tKH)  micro  incites  inch  range  for.  respectively.  450.  ‘>00.  1 350 and  1X00  psi 
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lalile  5.  Stress  in  no  lm.it  <>|)  a 5s  Inch  ID  Nemo  Model  2000  Assembly 
Dunns:  the  24  Hour  Dive  |o  a Depth  ol  5000  1 eel 

< ijjtl'S 

Hull 

l.iutilbm  Oncntiili'Hi 

Sir css  //»./> 

l i>i>n  rctit  Inm:  twin  tu  t 

1 //*t  24  /murs 

Hoop 

lllsldc 

-4  oso 

.O  1 4 * 

Hoop 

-2.54s 

Outside 

1 onpitudtnal 

-5.x  I o 

Hoop 

-5.4~o 

Inside  , 

^ l oiifutmlmal 

-5.2ou 

Hoop 

-4.214 

OlllMlIo 

1 oin!itiulin;il 

-4. 1. No 

Stresses  cannot 

he  calculated 

Hoop 

-4 

because  ot 

lonsMtmlm.il 

Hoop 

-(>."14 

creep  in  aery  lie 

-I.O(M) 

Olltsjdc 

lonLMImlin.il 

-5.400 

Hoop 

-s  5«J5 

lllsldc 

l.onsMlmlmul 

-4 

Hoop 

-5.45s 

-4. Oso 

Olltsklc 

1 oiiLMtmlm.il 

-4,014 

Hoop 

-10,4 '>5 

-0.50(i 

Inside  , 

LonsMtmlnt.il 

-1  I.04S 

-1  1.510 

Hoop 

-5.000 

-4.S55 

Outside  , ... 

1 onint  udm.it 

-5.000 

-4.451 

Hoop 

Inside 

-15.020 

-1 5.05o 

l.ous-Mtudiiuil 

-1  7 .t  ISS  * * 

-IS.IS7** 

Hoop 

-<>.2<>4 

-5.540 

Outside 

1 ottintmlinal 

-5.K"’,l 

-5.lo5 

Hoop 

Inside 

-l.ljo7 

-12.007 

l.onsntudmal 

-10.  oso 

-O.SOt) 

Hoop 

-o.42o 

-o.42o 

Outside  . 

lonj-Mtudin.il 

-o,42o 

-0.420 

*llis:liesl  stress  in  acrylic  hull  (durinp 

conversion  of  strains  to  stresses  1 

= 400.000  psi  and 

/i  - 0.4  were  applied  l. 

**HiMhest  stress  in  polar  aluminum  inserts  (dorms:  eoitwrsion  ot  strains  to  stresses 

1 = 10.000.000  psi  and  p - 0.5  were 

applied). 

Hull 

!.<  nation 

(id fit's 

Orientation 

Stress  tpsil 

l />on  rcat  hinfi  .HMMJivt 

After  24  hours 

Inside 

lloop 

-1.4.02: 

-13.187 

*K 

Outside 

Longitudinal 

-3,407 

-3.95o 

Hoop 

-3.5  lo 

-2.907 

Longitudinal 

-55 

+ 110 

Inside 

Hoop 

-10.549 

-9.341 

— •<) 

Lontiitudinal 

-15.105 

-12.802 

Outside 

Hoop 

-4.7X0 

-4.780 

Longitudinal 

-5. ‘>34 

-5.934 

IlKiili’ 

Hoop 

-10.549 

-9.835 

1 1 1 Mil  1 
*10 

Longitudinal 

-10.105 

-9.45 1 

Outside 

Hoop 

-4.070 

-4.070 

Longitudinal 

-3.901 

-3.901 

Inside 

Hoop 

-10.105 

-9,000 

*11 

Outside 

1 oueiiudm.il 

-10.549 

-10.220 

Hoop 

-3.730 

-3.730 

Longitudinal 

-4.121 

-4.121 

Inside 

Hoop 

-11.429 

-1  1 .429 

*i: 

Outside 

Longitudinal 

-1 1 .429 

-1 1.42‘> 

Hoop 

-3.950 

-3.95o 

Longitudinal 

-3.187 

-3.187 

Inside 

Hoop 

-1 1 .75K 

-13.352 

*13 

Outside 

Longitudinal 

-12.527 

-14.505 

Hoop 

-3.95o 

-0.813 

Longitudinal 

-3.1X7 

-0.044 

Inside 

*14 

Hoop 

-12.092 

-14.280 

longitudinal 

-I2.30X 

-14.280 

Outside 

Hoop 

-4.070 

-7.527 

Longitudinal 

-3.901 

-0.758 

pics-au  lAilimis  ( mv  I igs.  52b  .tin!  52lt.  Sti .mis  in  aery  lit-  ivlm  ned  essentially  to  /iTn  alter 
a 24-hour  period  of  relaxation  indicating  that  the  creep  in  acrylic  was  not  of  a permanent 
nature  even  after  the  24  hour  sustained  load  tup  to  1X00  psi  hydrostatic  pressure. 


Stresses 


The  muxinnim  vWcw  measured  on  the  jai  /iV  hull  l see  I aide  5)  at  the  beginning  of 
24  hour  pressurizations  was  -255‘>.  -5045.  -7‘>I4  and  -l().‘K>2  psi  at.  respectively . 450.  000. 

1 .450  and  I XOO  psi  pressure  load  intis.  I he  maximum  stress,  analyzed  as  typical  lot  Nemo 
hulls.  s located  tin  the  interior  surface  of  the  hull  at  the  edge  of  top  polar  opening  aiul 
was  oriented  in  the  longitudinal  direction,  ( lie  stress  on  Die  interior  >ai|ualorial  surface  was 
measured  simultaneously  as  -1X04.  -Toll).  -5505  and  -7757  psj.  The  magnitude  of  stress 
on  tlie  acrylic  hull  at  the  conclusion  of  the  24  hour  pressurization  periods  is  not  known 
since  there  was  considerable  creep  in  the  plastic  w hich  would  make  any  classical  stress  cal- 
culations inaccurate. 

The  nuxininni  strew  on  the  aluminum  inserts  was  measured  on  the  interior  of  the 
bottom  plate  at  location  No,  <>  in  the  longitudinal  direction.  I lie  magnitude  of  the  stress  at 
the  beginning  of  24  hour  pressurizations  was  -4‘>(>7,  -oxot).  -1 7.0XN  and  -21 .044  psi  at. 
respectively  *50.  *100.  I 550  and  1X00  psi  loadings.  At  the  conclusion  of  the  24*hour  pres- 
surization periods  the  magnitude  of  the  stress  had  changed  to  -5 1 ox.  ~‘>.Sl>().  -IX. 1X7  and 
-I  X.X4(>  psi.  respectively.  After  the  24-hour  relaxation  periods  following  pressurizations  to 
450.  000  and  1550  psi.  all  stresses  in  aluminum  returned  essentially  to  zero,  as  listed  in 
Table  n.  A different  case  presented  itself  at  the  conclusion  of  the  relaxation  period  follow- 
ing the  24-hour  pressurization  to  I X00  psi.  Here  the  stresses  at  interior  location  Nos.  d.  15 
and  14  on  aluminum  inserts  not  only  failed  to  return  to  zero  (see  Table  (>)  but  showed  resid- 
ual positive  stresses  of  significant  magnitude,  and  the  reasons  for  their  presence  are  not  know  n. 
A more  detailed  listing  of  stresses  is  presented  in  Appendix  C. 

The  t uinfwisun  of  stresses  calculated  on  the  basis  ol  experimental  data  and  the 
/II*- 1 A finite  element  computer  program  show  good  agreement  for  all  locations  on  the 
acrylic  hull.  Tor  locations  on  aluminum  inserts  the  agreement  is  not  as  good.  It  appeals 
that  for  the  locations  on  the  exterior  of  aluminum  inserts  the  calculated  stresses  are  gener- 
ally lower  than  measured  values,  whereas  for  locations  on  the  interior  of  the  inserts  the  cal- 
culated values  are  generally  higher.  However,  since  the  highest  stresses  measured  on  aluminum 
inserts  were  on  the  interior  surface,  the  calculated  values  lend  to  be  conservative  in  nature 
and.  thus,  useful  in  the  design  of  pressurized  Nemo  Hulls.  A complete  listing  of  computer 
generated  strains  and  stresses  lor  the  Model  201)0  Nemo  Hull  assembly  is  presented  in 
Appendix  I). 


IX 


il'K-  ".  KwmiIluI  Sii.iiiis  in  Aluminum  I’lale*  mill  Halehes 
i»l  I he  (>(i  Ineli  Ol)  5s  Inch  ID  Nemo  Model  2000 
Jltei  Repealed  24  Hour  I,oii)t  hessuri/utioit* 


/i  "</ 

450  psj 

H 

( 

D 

•'OOpsi  \ 

H 

( 

I) 

I550|kj  \ 

B 

< 

I) 

iNOOpsi  A 

B 

( 

I) 


.Vo. 

< > Inside 

< isittV  Locations 

■Vr.i.  /./  Inside 

\o, 

/•/  Inside 

l.onuintdinal 

lion  ft 

l.mtuliiidinul 

llno/t 

1 onainidlnul 

-240 

-.iso 

-l‘>0 

-200 

-250 

-140 

-1  '0 

-240 

-120 

-140 

-250 

-140 

+ 1 20 

+ 150 

+ 100 

+ 110 

+ 10 

+ HD 

Hhl) 

+ 1 SO 

+ 150 

+ 210 

+M0 

+oo 

-500 

-“50 

-450 

-500 

-500 

-500 

-500 

-“50 

-4K) 

-500 

-500 

-500 

0 

+ 100 

+50 

+0 

+ 50 

0 

+ 50 

+ 150 

r 1 00 

+0 

+ 100 

50 

-S50 

-1500 

-soo 

-‘>00 

-'>00 

-K50 

-X50 

-1400 

-'>00 

-1050 

-1000 

- loot ) 

0 

0 

+0 

-100 

-100 

-150 

0 

0 

+0 

-150 

-200 

-200 

1050 

-1400 

-lotto 

-1150 

-1150 

-II00 

1050 

-1400 

-H50 

-1050 

-1050 

-1000 

+50 

+500+ 

+200* 

+ 100* 

+50* 

+500* 

-50 

+2550* 
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Immediately  alter  pri’sMiri/.iOoi) 

Alter  24  hour-* ol  sustained  pressurization 
Immediately  alter  pressure  release 
Al  ter  24  hours  ol  relaxation 


Questionable  values,  probably  generated  by  mallunelionbiji  bulkhead  penelrators 
tor  mstrumeutation  in  Model  2000  Nemo  Hull,  or  pressure  vessel  end  closure. 


I I SI  DAT  A DISCUSSION 


Determination  of  Safe  Operational  Depth 

In  order  lor  the  chosen  operational  depth  to  hr*  safe,  many  operational  as  well  as 
hull  performance  parameters,  must  he  considered  . id  carefully  calculated. 

Hull  Performance  Parameters 

The  s/for/  nrm  critnnl  /wrwmv  at  w hich  catastrophic  implosion  of  the  hull  occurs 
in  an  uncontrolled  dive  is  the  best  known  and  easiest  to  obtain  performance  parameter  of  an 
acrylic  hull.  The  short  term  critical  pressure  represents  the  ultimate  depth  Ivyond  which  a 
submersible  cannot  descend  at  am  time.  I or  the  Model  '000  Nemo  Hull  the  short  term 
critical  pressure  lias  been  experimentally  established  a!  approximately  I0.0(K)  feet.  The 
actual  short  term  implosion  test  was  performed  on  the  15-inch  Model  54.  which  imploded 
at  4700  psi  vxternal  hydrostatic  pressure.  Si. ice  the  scale  model  is  about  ten  percent  thicker 
than  required,  the  extrapolated  .hoi!  term  implosion  pressure  for  the  full  scale  Model  2000 
Nemo  Hull  i'  around  4000  pa  >1  the  same  pressurization  procedure  is  used  as  for  the  scale 
model,  However,  since  the  pressurization  schedule  foi  Model  54  did  not  correspond  to  the 
typical  100  psi  minute  short  term  pressurization  mlc  lor  acrylic  hulls-  < record  ill}!  of  strain 
data  at  450(1  and  4 ’00  psi  pressure  levels  delayed  the  pressurization  by  5 minutes*,  tile 
extrapolated  short  term  u llapse  pressure  tor  the  Model  2000  Nemo  Hull  must  be  increased 
from  4000  psi  to  at  least  4500.  i Ketereiice  t>  indicates  that  the  effect  of  delay  ill  pressuriza- 
tion at  pivssuu  s above  4500  psi  o t<>  reduce  the  short  term  implosion  pressure  of  acrylic 
hull  by  jroiit  100  psi  lor  every  minute  •>)  delay . > I lie  iO.OOO-feet  short  term  implosion 
depth  lives  the  Model  2000  Nemo  Hull  the  abibtv  to  bounce  dive  once  under  extreme  enier- 
gs  ilcy  sum Miotis  probably  to  at  least  SOOOlcet. 

I he  -.  e /tun  ./•///.  .///vvsmio  jt  rv/it  imlh  lias  been  previously  established1’  as  a 
funclion  ol  tune  and  temperature.  Because  *00  hours  f.  considered  the  maximum  length  of 
time  that  li.e  slew  id  a submersible  could  .urvjve  mnler  enlrapinenl  without  new  air  support 
supplies  ibis  tuns  »pan  will  be  iiss-e  to  establish  a lone  Krm  critical  pressure.  This  pressure 
can  be  leu  I by  del  rminesl  from  a plot  n expenmeiilal  data  generated  by  implosions  of 
1 5-ms  b < •(  i ’ i t-invli  II*  Moslels  22  25.  24.  25  and  54  as  illustrated  i<  figure  55.*’  f rom 
Ills-  plot  n .m  see  i ii.it  the  implosion  pressure  of  a scale  model  Nemo  Hull  under  27(H)  psi 
sustained  hui'me  at  ~0-“5  I at  ambient  temperatures  siccurs  alter  100  hours.  Alter  appli- 
cation the  0..m>  cori  cel  ion  factor  (based  on  plastic  instability,  takes  into  accoui..  the  ten 
percent  liiicker  hull  ol  scale  models).  I lie  projected  100  hour  long  term  critical  pressure  of 
the  Model  2000  Nemo  Hull  is  2520  psi  in  the  70-75 "f  ambient  temperature  range.  In  terms 
ol  depth  it  can  then  he  staled  that  the  Model  20u0  Nemo  Hull  must  be  trapped  for  at  least 
1 00  hours  at  a depth  of  about  5000  feet  before  catastrophic  failure  occurs. 

I he  1 1 < //<  .tniixm-  Utc  of  acrylic  hulls  has  been  the  subject  of  several  studies  since,  as 
a i me.  it  is  tin  determining  factor  in  setting  the  safe  operational  depth  of  an  acry  lic  hull. 
Since  the  cyclic  fatigue  life  is  not  only  a function  of  maximum  pressure  in  the  pressure  cycle 
but  elu>  of  duration  and  temperature,  they  all  must  be  taken  into  consideration.  Study  of 
typis  it  dive  profiles  for  sulunersihles  has  established  the  fact  that  a submersible  sloes  not 
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»Uv  at  maximum  operational  depth  longer  than  4 hours,  t Ik-  rest  of  the  typical  dive  is 
taken  up  by  launching,  descent,  ascent,  docking  and  retrieval.  I he  temperature  can  vary 
widely  during  a dive  but  at  operational  depths  H is  usually  below  50  degrees.  Since  pressure 
cycling  at  70-75  I-  is  not  only  more  conservative,  but  also  more  economical,  it  was  used  to 
establish  the  cyclic  fatigue  life  of  the  Model  2000  Nemo  Hull. 

The  testing  ot  1 5 -inch  Models  55.  5f»  and  57  has  eoitelusiveiy  show  n that  era/ing 
appears  in  the  acry  lic  hull  at  the  polar  openings  without  the  polycarbonate  gasket  only  after 
1000  pressure  cycles  of  X-liour  duration  t4  hours  (trading  followed  by  4-hours  relaxation!  to 
1 500  psi.  No  cra/ing  was  observed  in  the  polar  opening  of  the  acrylic  hull  protected  by  the 
polycarbonate  gasket.  Judging  by  these  results  the  minimum  crack -free  fatigue  life  of  the 
1 5 -inch  Ol)  X 1 5-inch  II)  Models  is  1000  cycles  to  a maximum  operational  depth  of  5**0 
feet  based  on  the  scale  model  data,  the  (umnch  Ol)  X 5X-inch  II)  Model  2000  Nemo  Hull 
can  perform  1000  dives  to  5000  feet  without  initiation  of  cracks  in  the  acry  lic  hull. 

Operational  Performance  Parameters 

In  view  of  the  fact  that  preservation  of  the  crew  is  the  major  consideration  in  the 
design  ol  pressure  hulls  it  is  considered  mandatory  that  the  short-term  and  long-term  critical 
pressures  be  beyond  the  depth  to  w hich  the  submersible  »»..>  be  accidentally  submerged, 
furthermore,  it  is  considered  reasonable  and  customary  that  the  implosion  depth  fora  long 
term  (no  more  than  1 00  hours! disabled  submersible  beat  least  50  percent  greater  than  the 
maximum  operational  depth  I safety  lactor  of  1 ,5i.  f or  a short  term  loss  of  control,  the 
implosion  depth  should  be  at  least  MX)  percent  greater  than  the  maximum  operational 
depths  t safety  factor  of  2t 

In  addition  to  preserving  the  crew  there  are  also  the  economies  of  the  hull  life  to  be 
considered.  If  the  fatigue  life  w;is  >et  at  1 00  dives  it  would  prove  economically  unsound 
since  it  would  allow  the  submersibles  to  operate  only  for  a period  of  time  less  than  two  years, 
although  at  greater  depths.  Similarly . if  the  fatigue  life  was  stipulated  as  10.000  cycles  it 
would  give  the  submersible  unlimited  lile  but  at  the  cost  of  very  shallow  operational  depth, 
which  would  significantly  lower  its  operational  usefulness,  it  is  the  author's  opinion  that  a 
specified  crack -free  fatigue  life  ol  1 000  cycles  represents  a sound  economical  compromise 
between  the  opetational  depth  and  hie  of  the  submersible,  for  the  full  scale  Model  2000 
Hull  the  clack -lice  I, digue  life  has  been  experimentally  established  as  1000  dives  tv*  a 
maximum  operational  depth  ol  5000  led.  Since  Hie  5000-loot  latigue  lile  depth  is  based 
on  4-hour  long  simulated  dives,  there  is  no  need  to  apply  any  pressure  cycle  duration  dis- 
counting factor  to  the  experimentally  established  latigue  life  depth  of  5000  feet. 

Based  on  the  factois  discussed  above,  the  maximum  operational  depths  should  not 
exceed  4000  feet  ISOOO  feel  2l  for  short  term  disablement  criterion.  5550  feet  (5000  feet 
1 .5  i for  long  term  disablement  criterion,  and  5000  teet  < 5000  feel  1 1 for  the  latigue  life 
criterion.  Since  it  is  the  least  permissible  operational  depth,  based  on  any  of  the  above  three 
criteria,  that  determines  the  actual  depth  rating  of  the  hull,  fatigue  becomes  the  determining 
factor  for  establishing  the  operation  depth  rating  of  the  Model  2000  Nemo  Hull.  Asa  result 
5000  let  is  considered  as  the  maximum  operational  depth  rating  for  the  Model  2000  Nemo 
Hull. 


IINDINUS 


1 . Tlw  w»*inch  OD  X 5K-iiu.li  II)  spherical  capsule  assembly.  Model  2000  Nemo  Hull, 
fabricated  from  commercial  grade  t Plexiglas  C»  or  equivalent!  acrylic  plastic  and  equipped 
with  polycarbonate  gaskets  between  aluminum  hatches  and  the  acrylic  plastic  will  withstand 
a minimum  of  1 000  dives  |4  hours  at  maximum  depth . followed  by  4 hours  at  the  surface) 
from  0 to  3000  feet  without  initiation  of  cracks  in  the  acrylic  hull. 

2.  At  the  safe  maximum  operational  depth  of  3000  feet  the  maximum  compressive 
stresses  in  aluminum  hatches  and  acrylic  plastic  hull  are  only  equal  to  40  and  52  percent  of, 
respectively . alum  mum  and  acrylic  plastic  yield  strengths. 

3.  Model  2000  Nemo  capsule  assembly  will  w... stand  accidental  disablement  at  a 
depth  of  5000  feet  for  at  least  100  hours  before  catastrophic  failure  occurs.  At  greater 
depths  the  grace  period  prior  to  catastrophic  failure  is  significantly  shorter,  as  shown  in 

I igure  33. 

4.  Model  2000  Nemo  capsule  assembly  w ill  withstand  a temporary  loss  of  control 
to  a depth  of  XOOO  feet  for  about  10  minutes  before  catastrophic  failure  occurs. 

5.  Model  2000  Nemo  capsule  assembly  is  an  active  acoustic  stress  wave  emitter 
whose  rate  of  acoustic  emissions  increases  significantly  just  prior  to  short  term  implosion. 

(».  Permanent  deformation  of  aluminum  inserts  (top  hatch  and  bottom  plate)  takes 
place  in  areas  of  high  stress  concentrations  when  Model  2000  Nemo  Hull  is  subjected  to 
dives  of  40(H)  feet. 

7.  l ong  term  submersion  of  24-hour  duration.  It)  4 000- foot  depth,  does  not  gener- 
ate any  cracks  in  the  acry  lic  plastic  hull  or  poly  carbonate  gaskets  at  the  polar  openings  and 
the  strains  in  acrylic  plastic  alter  a 24  hour  relaxation  period  at  atmospheric  pressure  retu  a 
essentially  to  zero. 


CONCLUSION 

Spherical  acrylic  plastic  hulls  of  Nemo  Hull  design  w it h a t r()  = 0.1 23  thickness  can 
be  man-rated  for  a minimum  of  1000  operational  dives  to  a maximum  operational  depth  of 
3000  feet. 


OPERATIONAL  RECOMMENDATIONS 

I . The  Model  20(H)  Nemo  capsule  assembly  should,  during  its  operational  life,  never 
be  subjected  to  depths  greater  tlian  3300  feet.  The  proof  test  should  preferably  utilize  a 
lest  depth  of  33(H)  feet.  Under  no  conditions  should  the  magnitude  of  proof-test  depth 
exceed  3(>00  feet  unless  stronger  polar  inserts  are  substituted  for  the  standard  Model  2000 
Nemo  Hull  aluminum  inserts. 


2.  I hi-  v.  w lie  crack  tin'  fatigue  lit i-  dI  tin'  Mod i' I 2 < H H I Nt'ino  Hull  should  he  maw- 
lutm  h considered  to  be  in  excess  ot  I J.UOU.lMkMveNiours  ♦ IOOO  cycles  X 3000  loot  depth 
x 4 hours  duty  l.  At  the  conclusion  of  each  dive,  tlte  recorded  feet-liours  should  be  sub* 
traded  from  the  initial  I 2 .000 .000-feet -hour  fatigue  life.  When  the  mint  of  feet  hour  sub* 
totals  itenerated  by  dives  et|uals  1 2 ,O0G.OOO*ieel-l  tours.  inserts  and  gaskets  should  be  removed 
from  the  capsule  and  the  entire  hull  subjected  to  a detailed  visual  examination. 


If  no  cracks  arc  observed  at  the  penetrations  in  the  hull,  the  capsule  should  be  strain 
gaged.  reassembled,  proofteslcd  to  3300  feet  and  resulting  strains  compared  to  those  gener- 
ated  during  the  first  proof  test  conducted  immediately  after  fabrication  of  the  capsule.  Sig- 
nificant differences  in  strain  behavior  wilt  be  considered  important  evidence  of  hull  deterior- 
ation and  should  result  in  significantly  reduced  depth  rating,  t racks  in  bonded  joints 
originating  at  inclusions  will  be  repaired  if  their  length  exceeds  0.5  inches.  Cracked  poly- 
carbonate gaskets  should  be  replaced  with  new  gaskets. 

If  no  significant  difference  in  strain  behavior  is  observed,  the  capsule  assembly  will 
he  returned  to  service  with  a 3000  foot  operational  depth  rating  and  an  additional 
I 2 .000 .000-foot -hour  fatigue  life.  When  the  1 2 .000.000-foot -hour  life  is  used  up  the  cap- 
sule assembly  will  he  subjected  to  the  same  inspection  and  prooltestiiig  procedures  con- 
ducted at  conclusion  of  the  first  1 2 .000, 000-foot -hour  period.  If  the  results  of  the  new 
inspection  and  prooftesting  are  satisfactory,  the  capsule  will  again  return  to  service  with  a 
3 .000-foot  depth  rating  and  additional  1 2.000.000-foot-hour  life. 

The  recertification  process  will  lv  repeated  until  either  cracks  are  observed  in  the 
hearing  surfaces  of  aery  lie  hullduring  one  of  the  inspections  or  the  -.trains  change  significantly. 
If  cracks  are  observed  they  w ill  either  he  repaired  by  routing  and  recasting  with  resin  prior 
to  retesting  of  the  hull,  or  they  will  he  left  in  place  and  the  hull’s  depth  rating  will  be 
reduced  to  UOO  feet. 

Subsequently,  the  hull  w ill  he  inspected  w ithout  disassembly  for  signs  of  crack  prop- 
agation every  100  dives.  When  the  depth  of  any  crack  exceeds  I inch,  as  pictured  in 
f igure  34.  the  capsule  will  he  taken  out  of  service  immediately  and  tlte  cracks  repaired 
either  by  enlarging  the  polar  opening  or  by  recasting  cracked  areas.  If  not  repaired,  such  a 
hull  cun  he  recertified  for  service  to  1 20  feet.  If.  during  periodic  inspections  conducted 
every  100  dives,  the  depth  of  the  crack  at  the  penetration  is  found  to  exceed  2 inches  the 
acrylic  hull  will  either  he  repaired  or  declared  unlit  for  manned  operation  at  any  depth. 


3.  Attempts  should  he  made  to  ensure  that  operators  he  seated  inside  the  Nemo  Hull 
as  close  us  possible  to  the  center  of  the  sphere  in  order  to  minimi/e  optical  distortion.^ 
Camera  mounting  shouki  be  located  at  the  center  of  the  hull  if  wide  angle  panning  with 
the  camera  is  to  be  performed  during  the  mission. 

Objects  in  hydrospace  will  appear  smaller  and  closer  to  the  hull  than  they  are  in 
reality- J ‘ Some  experience  on  the  part  of  the  crew  will  he  required  to  judge  the  distances 
correctly  between  the  hull  and  the  objects  in  hydrospace. 


4.  Many  functions  of  the  equipment  mounted  externally  to  the  submersible  can  he 
controlled  by  modulated  light  beams  projected  from  the  interior  of  the  hull  by  the  crew.*1’ 
This  type  of  arrangement  will  eliminate  many  electrical  penelrutors  in  the  bottom  plate  and 
make  the  control  of  externally  stored  scientific  equipment  an  operationally  easy  matter. 
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Figure  2.  Nemo  submersible,  approved  in  1l>70  by  the  V.  S.  Navy  tor  manned 
operations  to  <>00  feet. 
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f igure  3.  Schematic  of  the  Model  ZtMM)  Nemo  Hull 


> mure  4 IiKmIia'iI  slut|v  ol  llm  Model  :ono  Nemo  Dull  ussemhlv 
in  Hu  /V  13  Unite  clement  stress  sis. 
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Figure  »v  Idealized  shape  of  the  bottom  plate  used  in  the  ZP  13  finite  element  stress  analysis 
of  the  Model  2000  Nemo  Hull  under  simulated  *>00  psi  external  hydrostatic  pressure. 


hsuirv  . < .ikul.it ci!  strips  ifisirihiittoii  m the  MihIcI  2000  Nemo  Hull  .Kninl'h  muter 
imul.itcil  ‘*00  |n|  evtcrnjl  !t\ilro>l.itu  presMire.  oiiUkte  Mirt.KV. 


Figure  X.  Calculated  stress  distribution  in  the  Model  20G0  Nemo  Hull  assembly  under 
simulated  900  psi  external  hydrostatic  pressure:  inside  surface. 


Figure  14.  Bearing  gasket  tor  polar  openings  in  the  hull  fabricated  from  polycarbonate  plastic  plates. 
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APP1NDIX  A.  IH-SKSN  DMAiLS  01  NliMO  MODJI  ’<HM> 

1 5- hu  ll  Ol)  X 1 .1-1  ndi  11)  Sink*  Models 

l lii'  aery lii'  hull  «*!'  (lie  15-ineh  Ol)  X 14-inch  ID  scale  model  44  was  desipm'd  to  hr  a 
laillit'ul  ropy  ol  the  Mi-iiuli  Ol)  X 5K-mch  II)  Model  2000  Nemo  Hull  both  in  proportions 
ami  in  iiK'llunl  of  construction  (lipiues  I A am'  2Al.  It  was  to  hr  fabricated  hi  the  same 
maulin'  an  the  hb-inch  ()|)  X 5N-inch  II)  hull  hy  thcrinoforminp  spherical  sectors  I'rcim  Hat 
discs,  marhiiiinp  pentagons  from  sectors.  ami  finally  assembling  tin*  spherical  pentagons  into 
a sphere  hy  bonding  t ho  joint*-  between  adjoining  pentagons  with  l'S-40  sell-poly  mcri/ing 
adhesive  ( figure  ,t.\ ». 

I hr  aluminum  plates  i figures  4A.  5 A,  ami  (*AI  for  top  ami  hoi  tom  polar  openings 
in  thr  I 5-jncli  ()D  ‘ I A-im.li  ID  Moilrl  .14  were  not  faithfully  sealed  down  models  of  the 
hatches  in  I lie  no-inch  ol)  *'  5 s-jncli  ID  diameter  Moilrl  2000  Nrmo  Hull,  Although  stiue- 
lurally  l hr  M)t»bTi*  aluminum  plates  in  t lie  1 5-ineh  < )D  ' I A-ineli  ID  Moilrl  44  behave  idem 
t ie.i  lly  to  (hr  ha  I elies  in  l lie  iio-inrli  ()|)  x 5 S-i  neh  ID  hull,  some  oprralional  features  of  t lie 
larue  hatrlirs  liasr  been  omiitnl  in  thr  scale  nnulrl  plain.  I Inis,  for  example.  I lie  top  alumi- 
num pl.ur  I vim'll  ( >1 ) • I 4-ineli  ID  Moilrl  44  lias  thr  same  rigidity  a ml  proportions  as  | he 
lop  lialrli  in  thr  on-iiirh  ()|)  ■ 5v-incli  ID  Mmlrl  2000  Nemo  Hull  Imt  ilors  not  ilisassrmhlr 
into  srpaiatr  li.ilr  li  ami  hat  eh  ling  components, 

I hr  construction  of  l hr  1 5 inch  Ol)  ’<  14-inch  ID  Models  .15,  4b.  a ml  4"  was  iilrnli- 
eal  to  ih.it  of  Mmlrl  44.  I hr  only  il  ill  err  ikv  between  Mode1  ,U  ami  t he  oilier  models  lay  in 
l lie  desk'll  ol  thr  polar  plates.  I lie  polar  plates  for  Models  45,  to.  4 1 were  structurally  ideal- 
l/rd  liali  lirs  di'siiiiird  m t it.ni Itnil  li-fi.AI-4V  < I- iyuire  7 A I.  Siitee  these  moilrl'  weir  to  hr 
used  in  lyrlir  prrssuir  tests  to  drlrrmiiir  the  rllrel  ol  depth  on  the  performance  of  the 
(•iily  i mi  hi xi.it e gasket  hrtwrrn  the  hateh  and  dir  aerylie  hearing  siirfaer.  rarli  model  was 
i't|iiiptvd  w till  the  pi  »l>  i art ‘i  mate  gasket  only  for  the  lop  plate  w hile  the  but  tom  plate  In 
rarh  nnulrl  w a>  designed  to  operate  without  a gasket.  In  this  manner  e.uli  model  w as 
deskill'd  to  operate  hoih  with  and  without  a gasket  around  the  lilaiiium  plates,  In  this 
m, linin',  r. irh  moilrl  would  piovidc  t he  data  on  t lie  perlormanee  of  any  lie  heariup  stirlaers 
at  a given  pie  .sure  with  and  w it  In  nit  polyearhonale  paskrl  s 1 1 ipiirc  s.\). 

Oh  liirh  Ol)  X 5 H- Inrh  II)  0|K‘ialimtal  Model 

I hr  tio-ii'i'li  ()D  x iS-uu 1 1 ID  operational  Model  2000  Nemo  Hull  was  designed  for 
rnmomiral  eon  si  i net  ion  w it  Inn  light  dimensiomil  tolerauer*.  In  mavimi/e  the  operational 
depth  id  the  as-.nihly  I hr  aerylie  hull  was  designed  to  I".1  eoiistrneled  front  1 2 spherieal 
prnlauims  homlrd  • . ipel  Her  v it  li  I'S  IN,  I'S  40or  any  other  sell-poly  mcri/iug  adhesive  with 
5000  psi  m mimuii  i l .msili'  si  re  net  It  1 1 iguies  l»,\  ,tinl  I0A  t. 

I hr  polar  aliiiiiiiimn  assemblies  weir  designed,  like  the  polar  iuseri  assetiiMies  in  the 
pm  it  uis  Mod  el  id  M!  and  Model  1 1)00  Nemo  Hulls,  to  serve  is  ha  lehrs  lor  personnel  ml  i y and 
fil'd  t Iik itieli  plates  lor  rlrrlin  al  and  hydraiilii  nmlrol  i.ihles  Mmninmu  was  ehoseu  as  the 


u'llsll  IU  Ill'll  Ulalillal  hi'i.iUse  III  Us  li'sisl.lllee  1(1  lOITusioll  allll  atllJi'liu'  'llell)Ull  In  Wi'jfilll 
ratio,  I I iv  holtolll  Ill’ll  through  plate  Was  equipped  Willi  *1  links  In  aeinmuiodule  ‘I  Sfp;||’ali* 
electrical  nr  hydraulic  I'eeil  llmuijihs  ll-'ijnire  I I.M.  In  addition.  ilu>  feedthrough  plate  serves 
,ikn  .is  Ilk'  Inundation  for  .in>  equipim'iil  i on lui tioil  wi l h in  the  lapsiili.1.  I lie  diameter  of  (lie 
lop  polar  opening  was  si’kvli’il  In  he  am  pie  enough  even  Inr  ;i  heai,v  set  pilot  nr  observer 
(I  igme  I 2Ai.  Hi'i’ausi’  Vi  >u  siil  era  hie  exertion  lias  hi’i'ii  leipiired  nt  the  owe  in  (lie  past  Nemo 
Hull  designs  In  open  I he  heavy  hatch.  a sel  ul  torsion  springs  was  incorporated  inlu  t lie 
Model  2(IU(l  Si'iiiu  Iralili  assembly  ( I linin'  I 2Ai.  Also  laieli  locks  have  keen  ini’urpuralevl 
min  i lie  ha  tel  i haiulks  In  link  lliem  securely  in  l he  open  pnsiilnn  n hen  Ihe  ha  I ell  is  open 
1 1 inure  I M i. 

All  Ihe  parts  of  I lie  hatch  were  made  from  idlft  I - I n aluminuiu,  except  I lie  Monel 
K-5  00  la  I ill  shahs.  Ihe  I ",*4  l‘l  I stainless  hinge  pin.  sieel  enn  liter  hal.mce  springs,  and  pul.v  • 
carhnnale  plaslii  paskels  i l ijaires  1 1 A,  ! S \ . InA.  I "A,  l-SA,  I *>  \ anil  2oA),  Materials 
chosen  Inr  then'  .ipplieatioiis  mat e lied  well  with  the  galvanic  potential  ul' alinnimiin.  Kills 
prevent inv  unduly  severe  galvanic  enrinsiun,  As  ,i  rule  all  Ihe  hevel  angle  tolerances on  polar 
1 1 iso  I coin  pone  til  s were  spei  died  In  he  * I s m mules,  a re.ulil.v  at  lalnahle  h iterance  with 
standard  simp  machining  pr.ieliees,  During  Hie  sidsci|iivm  asseinhly  of  I lie  Model  2001) 
Nemo  Hull  structure  il  was  tumid,  however,  that  the  1 5 -ileysi ee  angle  tolerances  resulted  in 
iiieoiiipk  te  surl'.iee  eniilact  between  lilalilmi)'  heveled  slriietur.il  eninpniieills.  As  a result 
nl  this  I'indiim.  il  is  ii'cninnieiiileil  that  the  angle  lok'iaiuv  he  decreased  to  ' degrees  III 
I mure  Model  2000  Nemo  Hull  usseuiMies. 


Figure  I A.  Spherical  pentagon  for  the  15-inch  OD  X 13-inch  ID  scale  model 
of  the  Model  2000  Nemo  HulL 
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! 'kiiiv  'A.  I’nlar  >.plu-rical  pentagon  l«>r  I ho  i5-ini.li  < *1 > '*>  13-inch  ll>  scale  model 
i Ik-  Model  Hull. 


u r\> 


. MATERIAL:  PLEXIGLAS  G(  1.0  INCH  PLATE 
. ADHESIVE  : PS-30 

.POLAR  INSERTS  ALUMI  NUM  HATCHES 

PER  DWG  701100*11 
POLYCARBONATE  GASKETS 
PER  DWG  701100-11 


I iiuiiv  ,V\.  V .v'litl'U'il  hull  til  tin.'  IvnuhOI)  > I ^-incli  II)  MmU'l  .M 


I itiuro  4\.  Polar  Aluminum  Hatch  Assemblies  lor  the  l>-inch  ()l)  ■ ls-ineh  ll>  M.nlel  3 


Figure  5 A.  Top  and  bottom  aluminum  hatches  tor  the  l>-inch  OD  X 13-inch  ID  Model 
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y INSERTS  : TOP  OPENING-TYPE  B TITANIUM  HATCH 

R.TT.U  with  polycarbonate  gasket 

BOTTOM  OPENING  - TYPE  A TITANIUM  HATCH 
WITHOUT  GASKET  HATCH 
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Figure  l(v\.  Hatch  atnl  locking  mechanism  lor  the  <><>-inch  ( >1)  X 5s-inch  II>  Model  '000  Nemo  Hull. 


APPENDIX  B,  FABRICATION  OF  66-INCH  Ol)  X SH-INCH  II) 
MODEL  2 (MM)  NEMO  HULL 


I Ik*  no-inch  Ol)  * vs-incli  II)  Model  2000  Nemo  Mull  assembly  was  fabricated  basi- 
cally in  the  same  maimer  as  I he  first  on-inch  Ol)  X 5 1 -inch  l|)  Model  (*U0  Nemo  Hull 
assembly  built  in  I ‘*(>x  by  the  Technical  Services  ol  l*acifie  Missile  Range,  Point  Muttu. 

( alitornia.  I lie  cardinal  leal ures  ol  that  labrication  process  are  1 1 1 cut t ini’  of  discs  from 
flat  acrylic  stock  i Figure  I lli.i  2 1 thcrmolormitig  these  discs  into  spherical  sectors  by  means 
of  metallic  vacuum  mold  < Figure  2 Hi.  ( Tt  cutting  of  spherical  sectors  into  spherical  penta- 
gons i Figure  Alii.  1 4 ) bonding  of  12  spherical  pentagons  into  a spherical  shell  (Figure  41)1. 

(5  i machining  of  metallic  inserts  in  the  form  of  top  hatch  and  bottom  penetration  plate 
• Figure  5Hl.  and  placemen!  of  those  inserts  into  polar  hull  openings  (Figure  oBi. 

One  phase  of  the  labrication  process  that  lias  given  trouble  over  the  years  to  Nemo 
fabiicoofs  is  that  ol  the  bonding  of  assembled  I 2 spherical  pentagons.  I lie  problems  asso- 
ciated vs  1 1 i i diis  phase  ol  fabrication  stem  from  the  fact  that  the  thickness  of  spherical  penta- 
gons bordering  on  a joint  is  not  the  same  and  that  the  width  ol  joints  between  pentagons  is 
m>t  uniform.  Because  of  the  noueom Infinity  in  pentagon  thickness  and  joint  width  it  was 
vl it tis’it It  lo  seal  the  joint  effectively  so  that  it  would  contain  the  sellpoly meri/.ing  adhesive 
without  leakage  and  yet  assure  a free  flow  of  adhesive  downwards  and  of  displaced  air 
upwards. 

Steps  were  taken  during  fabrication  of  the  Model  2000  Nemo  Hull  to  eliminate  the 
problems  posed  by  nouunifotm  pentagon  thicknesses  and  joint  widths.  I Itcsc  steps  con- 
sisted nt  the  follow  ing  opeialions: 

1.  machining  ol  all  formed  spherical  sectors  to  uniform  thickness  in  a lathe. 

2.  use  ol  0.1  25-inch  thick  '■  0.25-inch  diameter  acrylic  discs  as  spacers  between 
individual  pentagons  during  final  assembly. 

bonding  of  acrylic  plastic  strips  to  edges  of  joints  for  forming  of  pressure  tight 

joint. 

4.  placement  under  pressure  of  selfpolymeri/ing  adhesive  into  the  joint  cavities. 

Because  ol  these  additional  fabrication  processing  operations  the  resulting  acrylic 
sphere  is  more  uniform  in  thickness,  sphericity,  and  diameter.  As  a result  of  this  uniformity, 
the  finished  acrylic  hull  can  be  rated  to  higher  operational  pressure  than  was  feasibly  able 
prior  to  Ibis  time.  Because  the  improved  labrication  process  may  be  of  interest  to  others, 
a verbal  ini  reproduction  of  shop  fabrication  instructions  is  alt  ached  as  enclosure  111  at  the 
end  of  this  App1  ndix. 

Iti  parallel  with  the  fabrication  of  the  Model  20(H)  Nemo  Hull,  stringent  quality  con- 
trol measures  were  adapted  to  assure  a quality  product  and  are  attached  as  enclosures  2B 
through  ’>1).  Ihe  quality  control  measures  consisted  of: 

I . performing  destructive  tests  on  material  coupons  cut  from  each  sheet  of  acrylic 
plastic  to  ascertain  the  material  properties  of  plastic  tend  ’sure  2Bl. 


B-l 


2.  pci  forming  destructive  IcnIn  on  Bonded  material  coupons  Id  .iv.irt.uii  strength  of 
Bonded  joints  (enclosure  3BK 

performing  dimensional  chocks  on  the  spherical  hull  to  ascertain  its  adherence  to 
specified  dimensional  tolerances.  Samples  of  dimensional  checks  are  shown  for  thickness  of 
discs  before  annealing  (enclosure  4B>.  thickness  of  disc  after  annealing  (enclosure  5B>.  thick* 
ness  of  disc  after  forming  (enclosure  (*B).  sphericity  of  disc  alter  forming  (enclosure  7Bl. 
thickness  of  spherical  pentagon  after  machining  (enclosure  kBi  and  diameter  of  Bonded 
sphere  after  annealing  (enclosure  ‘Uti. 


I inure  1 B.  Saw  ms  ol  llai  plaie%  into  circular  JK>  ol  4«>-mcii  diameter 


Kkutc  3B.  Sauiii?  I he  sphenej)  vcelor  inlo  I he  form  of  j spherical  pentagon. 


boniliiii*  fixture 


l‘ 4H.  (Continual). 
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I igurc  (>IJ.  Placement  of  metallic  inserts  into  polar  ope  nine. 
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SPLULOW ' s INSTRUCT  h'TS  FOR  WORKERS  F Ali  R I CAT  I NG  MLMO  MOD  2000 

1.  Measure  thickness  of  acrylic  plate  and  chart  at  12"  intervals.  Lay  out 

a 4o"  diameter  circle  at  the  thickest  part  of  the  blank.  Lay  out  nothing 
under  4.050  inches.  Scribe  SWU  t on  one  cut  off. 

2.  Bandsaw  trim  to  line.  Save  one  cut  off  that  is  scribed  and  send  to  C. 

Miller  in  Testing  Lab. 

3.  Anneal  the  part  at  325°  F for  12  hours  on  a flat  aluminum  plate. 

4.  Inspect  for  thickness  and  chart  at  12”  intervals.  Do  not  form  plates 
under  4.170  Inches. 

5.  Form  per  Forming  Process  Specification 

6.  Inspect  for  tnickness  (4.0  - 4.1)  and  contour. 

7.  Anneal  3 175°  F for  24  hours. 

8.  Place  part  in  machining  fixture  and  align  to  marks.  Drill  three  each 

1/2"  dia.  holes  and  counterbore  for  1/2"  dia.  Allen  bolt.  Bolt  part 

down  in  three  places. 

9.  Set  up  part  and  tracer  template  in  Lucas  lathe.  Machine  inside  surface. 

Remaining  thickness  to  be  4.050  minimum.  Check  contour  readings  to  be 
sure  part  is  4.010  minimum  at  out  of  contour  places.  Part  should  be 
machined  to  4.100  wherever  possible  and  center  section  of  part  should  not 
be  cut  as  It  will  be  under  4.100  thickness.  Blend  cut  and  uncut  surfaces 
together  with  360  grit  wet  sandpaper.  This  part  must  be  polished  to  an 
optical  finish  after  machining  so  the  cut  must  be  as  smooth  as  possible. 

10.  Using  vacuum  lift  place  part  In  pentagon  machine  fixture  and  even  up  the 

edge  of  the  part  to  the  size  of  the  fixture.  Vacuum  part  Into  place  on 

machining  fixture.  Make  sure  that  hole  in  part  comes  out  in  the  center  of  the 
piece  to  be  cut  off.  Close  air  tugle  clamps.  Start  saw  and  set  feed  at 

25  Inches  per  minute. 

11.  While  cutting  off  first  piece  the  saw  may  have  a tendency  to  slow  down  or 
stop.  If  this  happens,  immediately  press  the  return  button,  let  the  saw 
return  and  start  the  cut  over.  After  cutting  off  the  first  piece,  open 


HI  3 


up  tlie  air'  toggle  clamps  iind  press  the  lever  all  thr  way  to  the  left.  This 

will  lift  the  rotating  part  of  the  fixture  slightly  so  that  the  index  pin  can 
be  pulled  and  the  part  rotated  to  the  next  position.  Continue  this  procedure 
until  all  five  cuts  have  been  made.  Attach  polar  hole  machining  fixture  to 
rotary  table  and  place  table  on  the  milling  machine.  Two  pentagons  only. 
Place  pentagon  into  machining  fixture  and  bolt  into  place.  Using  a 7/8"  dia. 
x 5"  long  end  mill,  cut  a hole  thru  the  part  per  the  dimensions  on  NEMO  Model 
2000  ''rawing  *2003 

12.  Inspect  for  bluepiint  dimensions. 

13.  Anneal  at  175°F  for  24  hours. 

14.  Clean  up. 

1b.  Tahe  to  assembly  room. 

1C.  Place  one  (1)  Polar  Pentagon  in  center  of  assembly  fixture  and  using  the 
large  Starrett  No.  6S6-441  indicator  attached  to  extension,  set  against 
1/2"  ball  situated  In  center  of  assembly  pad. 

17.  Making  sure  indicator  is  laying  flat  against  holding  pad  and  measure  distance 
from  1/2"  ball  to  the  inside  of  cut  out  in  pentagon. 

18.  When  pentagon  is  centered,  place  "I."  shaped  clamps  to  hold  pentaqon  in  place 
and  bolt  tightly  to  keep  pentagon  from  moving  during  assembly. 

19.  Obtain  1/8"  thick  x 1/4"  diameter  acrylic  spacers  and  bond  approximately 
4"  from  each  corner  centered. 

NOTE:  Two  (2)  spacers  are  needed  per  side  only.  If  one  pentagon  has  these 

blocks,  then  omit  blocks  to  mating  side. 

Use  PS-30  cement  - for  bonding  spacers. 

20.  Using  the  vacuum  hand  lift,  place  five  (5)  pentagons  into  assembly  fixture 
and  align  with  polar  pentagon. 

21.  After  alignment  obtain  large  micrometer  with  Brown  and  Sharpe  No.  8241-941 
dial  indicator  from  Inspection  box.  Obtain  the  three  rods  from  box  (1)  ?2" 
(2)  23"  and  (3)  21".  Assemble  together  and  set  dial  indicator  to  read  zero. 
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NoTE:  [)iol  iiuit!  ator  ivill  net  set  at  cero-2ero  dial,  tut  will  s«jt  at  fcOO, 

tun.  dial  indicator  to  redd  zero  to  600. 

22.  Using  dial  indicator  measure  the  oiameter  of  the  hemisphere  and  shir-  where 

necessary  to  read  66"  + .25".  Measure  hemisphere. 

NOTE:  Each  pentagon  nust  be  measured  to  one  situated  directly  across  from 

from  one  to  the  other. 

23.  When  hemisphere  is  within  spherical  tolerance  of  66"  + .250",  obtain  Plex  6 
acrylic  strips  3/4 ” thick  or  S310  material  0.750"  wiae  by  36"  long.  Take 

to  Machining  and  root  a groove  down  the  center  length  1/8"  wide  x 1/2“  deep. 

24.  Form  these  strips  to  fit  both  outside  and  inside  surfaces  of  set  pentagons. 
Using  methylene  cloride,  bond  the  strips  to  the  pentagons. 

25.  After  all  strips  have  beer,  bondeu  to  hemisphere,  place  a bead  of  PS-18 
resin  arouna  all  strips  to  prevent  leaks  after  hemisphere  has  been  filled 
with  S-49  casting  cerent. 

26.  drill  an  "F  ' size  hole  at  lowest  point  of  hemisphere.  Place  a 1/4"  OD 
aluminum  tube  3'  long  into  hole  and  cement  into  place  between  pentagons. 

27.  Obtain  2000  grars  of  basic  S-49  resin  from:  resin  nixing  room-in-a  new, 

clean  gallon  can:  Mix  4 grams  of  benzoin  (.2  ) and  10  grams  of  larurel 

peroxide  (.5  ).  Place  lid  on  container.  Take  resin  to  the  NEMO  room 
which  is  a temperature  controlled  room-  0 a constant  72°F. 

26.  Place  gallon  can  on  converted  edge  attachment  sander,  and  set  atop  the 
two  (2)  rollers.  Turn  switch  or.  and  let  roll  over  night. 

29.  Place  mixed  S-49  as  resin  into  pressure  pot  and  attach  nitrogen  bottle 
to  pot.  Attach  fill  tube  from  pot  to  1/4"  0D  Aluminum  tube  on  sphere. 

30.  Apply  five  (5)  pounds  pressure. 

31.  Fill  joints  all  around  Polar  Pentagon  and  allow  resin  to  rise  approximately 
one  (1)  inch  above  the  upright  joints.  (This  allows  for  shrinkage). 

32.  Clait.p  off  tube. 

33.  Allow  to  cure  in  NEMO  room  until  hard  (approximately  24  hours).  Room  is 
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to  Ml'  lept  between  /:j°r  ami  75°F  te;  -perature. 

34.  Remove  first  hemisphere  fron  cement  fixture. 

35.  Rout  joints  on  both  outside  and  inside  flush  with  pentagons. 

36.  Polish  up  all  seams  or.  both  inner  and  outer  surfaces. 

37.  Place  six  (6)  new  pentagons  into  assembly  fixture  and  assemble  same  as  first 

pentagon.  Follow  steps  one  (1C)  through  twenty-two  (36)  above. 

3b.  Place  hemisphere  ‘lumber  one  ( 1 ) on  top  of  Number  two  (2)  and  check  spherical 
diameter. 

39.  If  hemispheres  measure  within  tolerance  of  66"  « .25^",  cut, fit  and  cement 
joint  strips  around  equator  ov  sphere  leaving  a funnel  at  the  top  of  each 
bottom  pentagon. 

40.  In  obtaining  and  preparing  S-49  resin,  repeat  Steps  27  and  2a 

■»l.  To  feed  S-49  resin  into  the  equator  section  of  sphere,  follow  Steps  29  and  30 

of  Operation  5. 

42.  Allow  resin  to  cure  in  NEMO  room  until  hard  (approximately  24  hours).  Room 
is  to  be  kept  between  70°F  and  75°F  temperature. 

43.  Remove  sphere  from  assembly  fixture.  Using  the  cell  casting  hoist,  hrok  up 
lifting  plate  to  hoist,  fold  lifting  plate  and  insert  into  sphere.  Making 
sure  lifting  plate  will  not  damage  sphere,  lift  sphere  from  fixture. 

44.  Machine,  sand  and  polish  all  bonded  areas. 

45.  Anneal  sphere  in  a 175°F  oven  for  24  hours. 

46.  Inspect  all  cemented  joints  for  voids  larger  than  1/4"  in  diameter. 

47.  Final  clean  up. 

48.  Final  Inspection. 

49.  Urap  with  Pro tec  10V. 
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Reference:  45-74-121 

Date:  March  18,  1974 


TEST  REPORT 


CUSTOMER:  Disbursing  Officer,  DCASR,  Los  Angeles 

11093  So.  La  Cienega  Boulevard 
Los  Angeles,  California  90045 

PURCHASE  ORDER  NO.:  N00123-73-C-1671 

MATERIAL  TESTED:  Remnants  from  each  sheet  used  in  fabrication 

of  NEMO  Model  2000  Hull 


Test  specimens  were-  cut  to  rough  dimensions  using  a bandsaw  and  .o  final 
dimensions  (with  the  exception  of  tensile  specimens)  by  means  of  a 
vertical  mill,  with  a six-flute,  carbide-tipped  shell  end-mill.  Tensile 
specirens  were  routed  to  the  configuration  of  a template  which  complies 
with  dimensions  set  forth  in  A.S.T.M.  0-638  for  Type  I specimens.  Sharp 
edges  were  broken  to  about  .005  inch.  Machined  surfaces  were  sanded, 
first  with  280  grit  paper,  and  finally  with  600  grit  Wet-or-Dry  paper  to 
remove  tool  marks.  All  soecimens  were  annealed  to  remove  any  residual 
stresses  introduced  during  machining. 

Test  specimens  were  conditioned,  at  a temperature  of  73.5  + 2°F  and 
relative  humidity  of  50  + 5"',  for  a period  of  40  hours  prior  to  testing. 

Tensile,  compressive  and  flexural  values  were  obtained  by  means  of  a 
Tinius-Olsen  Elect-0  matic  Testing  Machine.  Deformation  under  load 
values  were  obtained  on  a Tinius-Olsen  tester  designed  for  that 
particular  test. 


Respectfully  submitted, 
SWED10W,  INC. 


C.  A.  Ml  1/1  er , Supervisor 
Physical  Testing  Laboratory 
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Date:  March  18,  1974 
Purchase  Order  No.:  N00123-73-C-1671 


FOR:  NEMO  Model  2000  Hull 

Sales  Order  No.:  3-5940 

Page  1 

TENSILE:  Conditioned  40  hours  at  73°F  and  50  Percent  R.  H. 

ASTM  0-638  tested  at  0.05  In/Mln 


SHEET 

SPECIMEN  SIZE 

LOAD 

ULTIMATE 

ELONGATION 

MODULUS 

NO. 

(INCH) 

(LBS) 

(PSD 

(PERCENT) 

(PSI) 

021 

1-  .236  x 

.483 

1330 

11,668 

7.0 

447,000 

2-  .242  x 

.478 

1365 

11,800 

6.0 

465,000 

023 

1-  .247  x 

.481 

1465 

12,331 

6.0 

467.000 

2-  .251  x 

.476 

1360 

11,382 

6.0 

437,000 

024 

1-  .255  x 

.479 

1400 

11,461 

5.5 

437,000 

2-  .254  x 

.482 

1420 

11,600 

5.5 

485,000 

025 

1-  .253  x 

.481 

1425 

11,709 

5.5 

473,000 

2-  .252  x 

.479 

1420 

11,764 

5.0 

490,000 

026 

1-  .251  x 

.483 

1415 

11,6’1 

5.5 

4/4,000 

2-  .252  x 

.481 

1355 

11,179 

5.5 

456,000 

027 

1-  .252  x 

.479 

1315 

10,893 

5.5 

446,000 

2-  .253  x 

.477 

1275 

10,565 

5.5 

495,000 

028 

1-  .248  x 

.472 

1235 

10,551 

5.0 

498,000 

2-  .252  x 

.474 

1270 

10,632 

5.5 

492,000 

029 

1-  .253  x 

.471 

1200 

10,070 

4.0 

446,000 

2-  .247  x 

.474 

1185 

10,121 

4.0 

449,000 

034 

1-  .254  x 

.475 

1290 

10,692 

5.5 

475,000 

2-  .247  x 

.475 

1265 

10,781 

5.0 

478,000 

035 

1-  .250  x 

.479 

1250 

10,440 

5.0 

505,000 

2-  .246  x 

.477 

1120 

9,545 

3.0 

428,000 

036 

1-  .250  x 

.476 

1280 

10,756 

5.5 

454,000 

2-  .251  x 

.477 

1275 

10,649 

5.0 

465.000 

037 

1-  .249  x 

.475 

1250 

10,570 

5.5 

465,000 

2-  .248  x 

.474 

1235 

10,504 

5.5 

447,000 
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FLEXURAL  - 

Conditioned  40  Hours  at  73eF  and 

50  Percent  R. 

ASTM  0-790 

- 4 inch  span,  test 

speed  0.11 

In/M  In 

SHEET 

SPECIMEN  SIZE 

LOAD 

ULTIMATE 

NO. 

(INCH) 

MS) 

(PSD 

021 

1-  .500  x .258 

95.8 

17,261 

2-  .500  x .258 

95.5 

17,207 

023 

1-  .498  x .258 

101.3 

18,326 

2-  .491  x .257 

82.3 

15,238 

024 

1-  .500  x .258 

103.1 

18,577 

2-  .494  x .258 

101.3 

18,474 

025 

1-  .501  x .257 

102.0 

18,508 

2-  .502  x .258 

103.1 

18,503 

026 

1-  .501  x .258 

101.1 

18,180 

2-  .498  x .257 

101.3 

18,492 

027 

1-  .493  x .256 

96.3 

17,883 

2-  .495  x .256 

98.0 

18,127 

028 

1-  .493  x .249 

93.1 

18,256 

2-  .493  x .247 

93.7 

18,686 

029 

1-  .494  x .246 

92.4 

18,048 

2-  .495  x .249 

93.6 

18,306 

034 

1-  .492  x .247 

88.1 

17,588 

2-  .493  x .246 

82.5 

16,624 

035 

1-  .495  x .248 

78.7 

15,511 

2-  .494  x .247 

90.6 

18,047 

036 

1-  .494  x .247 

77.0 

15,326 

2-  .493  x .248 

92.1 

18,210 

037 

1-  .492  x .248 

91.4 

18,113 

2-  .495  x .248 

92.2 

18,194 

MODULUS 

1PSJLL 

415.000 

443.000 

444.000 

442.000 

452.000 

457.000 

433.000 

445.000 

460.000 

463.000 

459.000 

477.000 

478.000 

474.000 

479.000 

475.000 

475.000 

480.000 

487.000 

484.000 

473.000 

484.000 

469.000 

467.000 
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DEFORMATION  UNOER  LOAD 

ASTM  0 621  - Tested  as  received  at  122°F  for  24  hours  under  4000  psl  load 
Test  Specimens:  1/2  Inch  Cube 


SHEET 

DEFORMATION  (INCH) 

DIFFER 

MICROMETER 

READING 

CALC.  ORIG. 
THICKNESF 

DEFORM 

NO. 

10  SEC. 

24  HOURS 

1U1L 

(INI 

(IN) 

(«) 

021 

1- 

0.0863 

0.0889 

0.0026 

0.4998 

0.5024 

0.52 

2- 

0.0822 

0.0848 

0.0026 

0.5025 

0.5051 

0.51 

023 

1- 

0.0857 

0.0886 

0.0029 

0.4985 

0.5014 

0.58 

2- 

0.0813 

0.0842 

0.0029 

0.5020 

0.5049 

0.57 

024 

1- 

0.0819 

0.0843 

0.0024 

0.5013 

0.5037 

0.48 

2- 

0,0764 

0.0788 

0.0022 

0.5025 

0.5047 

0.44 

025 

1- 

0.0755 

0.0778 

0.0023 

0.5036 

0.5059 

0.45 

2- 

0.0763 

0.0787 

0.0024 

0.5023 

0.5047 

0.48 

026 

1- 

0.0765 

0.0795 

0.0030 

0.5014 

0.5044 

0.60 

2- 

0.0752 

0.0774 

0.0022 

0.5007 

0.5029 

0.44 

02? 

1- 

0.0684 

0,0708 

0.0024 

0.5029 

0.5053 

0.47 

2- 

0,0676 

0.0699 

0.0023 

0.5036 

0.5039 

0.46 

028 

1- 

0.0733 

0.0761 

0.0023 

0.4980 

0.5003 

0.46 

2- 

0.0708 

0,0735 

0.0027 

0.5U03 

0.5030 

0.54 

029 

1- 

0.0691 

0.0712 

0.0021 

0.5014 

0.5035 

0.42 

2- 

0.0707 

0.0733 

0.0026 

0.4997 

0.5023 

0.52 

034 

1- 

0.0709 

0.0743 

0.0034 

0.4986 

0.5020 

0.67 

2- 

0.0720 

0.0751 

0.0031 

0.4983 

0.5014 

0.61 

035 

1- 

0.0714 

0.0745 

0.0031 

0.4990 

0.5021 

0.61 

2- 

0.0711 

0.0744 

0.0033 

0.4980 

0.5013 

0.65 

036 

1- 

0.0715 

0.0747 

0.0032 

0.4975 

0.5007 

0.63 

2- 

0.0698 

0.0734 

0.0036 

0.4996 

0.5032 

0.72 

037 

1- 

0.0708 

0.0740 

0.0032 

0.4991 

0.5023 

0.64 

2- 

0.0707 

0.0740 

0.0033 

0.4982 

0.5015 

0.66 
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1 SHEAR  STRENGTH 

l ASTM  0-732  Rate  of  Test:  0.05  In/Mln 

L Punch  Diameter:  0.999  In.  (1.000  In.  Did . disc  punched  out) 


MAXIMUM 

SHEET  THICKNESS  LOAD  SHEAR  STRENGTH 

NO.  (INCH)  (LBS)  (PSI) 


0T  •WKOi.OW,  INC 


NEMO  Model  2000  Hull 
S.  0.  No.  3-5940 
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COMPRESSIVE  PROPERTIES  : Tested  at  Room  Temperature 
ASTM  0-695  Rate  of  Test:  0.05  In/Mln 


SHEET 

HO. 

021 

023 

024 

025 

026 
027 
023 
029 

034 

035 

036 

037 


SPECIMEN  SIZE 
(INCH) 

YIELD 

LOAD 

(LBS) 

YIELD 
STRENGTH 
J?S 1J_ 

19,300 

19,600 

1- 

2- 

0.503  x 0.502  x 1.504 
0.503  x 0.502  x 1.505 

4,880 

4,950 

1- 

2- 

0.500  x 0.503  x 1.502 
0.501  x 0.503  x 1.502 

4.630 

4,590 

18,400 

18,200 

1- 

2- 

0.503  x 0.503  x 1.499 
0.504  x 0.503  x 1.499 

4,610 

4,740 

18,200 

18,700 

1- 

2- 

0.505  x 0.505  x 1.502 
0.S04  x 0.504  x 1.500 

4,660 

4,780 

18.300 

18,800 

1- 

2- 

0.503  x 0.503  x 1.501 
0.503  x 0.501  x 1.500 

4,570 

4.650 

18,100 

18,500 

1- 

2- 

0.504  x 0.506  x 1.502 
0.506  x 0.504  x 1.504 

4.650 

4,690 

18,200 

18,400 

1- 

2- 

0.501  x 0.501  x 1.500 
0.502  x 0.502  x 1.507 

4,650 

4,710 

18,500 

18,700 

1- 

2- 

0.502  x 0.502  x 1.506 
0.502  x 0.502  x 1.506 

4,810 

4,610 

19,100 

18,300 

1- 

2- 

0.501  x 0.502  x 1.505 
0.501  x 0.500  x 1.505 

4,520 

4,600 

18,000 

18,400 

1- 

2- 

0.502  x 0.501  x 1.506 
0.503  x 0.503  x 1.506 

4,650 

4.480 

18,500 

17,700 

1- 

2- 

0.503  x 0.502  x 1.505 
0.501  x 0.500  x 1.506 

4,510 

4.49C 

17,900 

17.9CC 

1- 

2- 

0.501  x 0.502  x 1.505 
0.503  x 0.502  x 1.503 

4,640 

4,510 

18,400 

17,900 

M00ULUS 

J£SIj_ 

570.000 

530.000 

520.000 

500.000 

510.000 

500.000 

510.000 

510,000 

510.000 

520.000 

510.000 

520.000 

540.000 

540.000 

530.000 

500.000 

510.000 

530.000 

520.000 

530.000 

510.000 

510.000 

530.000 

530,000 
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TEST  REPORT 


For:  NEMO  Model  2000  Hull 

Purchase  Order  No.  N00123-72  C-1671 

BONDED  JOINT  TENSILE  STRENGTH 
(Required  : 5000  psl) 

Test  specimens  were  machined  from  the  joint  evaluation  coupon  which  had  been  bonded 
and  annealedln  the  same  manner  as  the  pressure  hull.  Specimens  were  of  the  dimen- 
sional configuration  set  forth  in  Sketch  No.  2002.  The  testing  speed  used  was 
0.05  Inch  per  minute. 

Ultimate 


Widtn 

Thickness 

Load 

Strenqth 

Mode  of 

Specimen 

(In) 

(In) 

(Lbs) 

(psl) 

Failure 

1 

0.744 

0.529 

3015 

7661 

Cohesive 

2 

0.747 

0.532 

3210 

8074 

Acrylic 

3 

0.750 

0.485 

2825 

7766 

Cohesive 

4 

0.746 

0.547 

3720 

9116 

Cohesive 

5 

0.750 

0.540 

2075 

5123 

Cohesive 

6 

0.749 

0.534 

3550 

8876 

Cohesive 

7 

0.747 

0.531 

2920 

7362 

Cohesive 

8 

0.748 

0.526 

3240 

8235 

Cohesive 

9 

0.742 

0.519 

2365 

6141 

Cohesive 

10 

0.748 

0.536 

3320 

8281 

Cohesive 

11 

0.745 

0.536 

3390 

8489 

Cohesive 

12 

J.744 

0.534  3440 

Average 

8659 

7815 

Cohesive 

t.  K / / > ;<  i t i \ 

C.  A.  Miller,  Supervisor 
Testing  Laboratory 
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APPENDIX  C.  DATA  FROM  HYDROSTATIC  TESTS 


Both  the  15-inch  OD  X 1 3-inch  II)  scale  Model  34  and  the  60-inch  Ol)  X 58-inch  ID 
lull  scale  Model  2000  Nemo  Hulls  were  extensively  instrumented  with  strain-gages  tsee  Figs. 
20  and  23  of  main  text ) so  that  their  structural  performance  under  external  hydrostatic 
pressure  could  he  accurately  measured  and  evaluated.  Highlights  of  that  data  have  been 
summarized  tsee  Tables  4.  5 and  ot  and  discussed  in  the  main  body  of  the  report. 

Still,  other  researchers  in  the  field  of  acrylic  plastic  pressure  hulls  may  need  to  refer 
to  some  specific  detail  of  that  data  not  provided  in  the  main  body  of  the  report.  For  this 
reason  the  data  generated  during  some  of  the  more  severe  hydrostatic  tests  has  be.'n  selected 
for  presentation  here  in  Appendix  ('.  l or  the  15-inch  OD  X 13-inch  ID  scale  Model  34  the 
most  severe  as  well  as  the  most  important  test  was  pressurizing  to  implosion:  this  data 
is  presented  in  Table  1C.  The  66-inch  OD  X 58-inch  ID  full  scale  Model  2000  Nemo  Hull 
has  not  been  tested  t<>  implosion  therefore  this  data  is  not  available.  Instead,  the  data  from 
the  long  term  pressurization  cycles  to  1350  and  1800  psi  are  shown  in  Tables  2C  and  3C. 

Data  from  15-inch  OD  X 13-inch  ID  Model  34 


Data  Recording 

The  strain  uata  was  generated  by  subjecting  the  1 5-incl)  Ol)  X 13-inch  ID  Model  34 
to  external  hydrostatic  pressure  rising  at  100  psi  minute  rate.  During  recording  of  strain 
data  (which  took  about  2 minutes  per  recording)  the  pressure  was  held  constant.  The  tem- 
perature of  water  used  in  pressurizing  of  Model  34  was  in  the  70-75 'F  range. 


Data  Interpretation 

I he  most  important  observation  that  can  be  made  of  the  strain  data  from  Model  34 
is  that  all  the  strains  measured  on  the  acrylic  plastic  as  well  as  on  aluminum  were  linear  to 
well  over  1400  psi.  indicating  that  both  materials  were  still  in  the  elastic  range  w hen  the 
simulated  depth  passed  the  3000-loot  mark.  At  simulated  depth  of  4000  feet  most  of  the 
strains  became  markedly  non-linear,  and  at  5000  feel  the  strains  became  exponential. 

The  linear  behavior  of  strains  to  depths  in  the  3000-3300  foot  range  substantiates 
the  postulate  that  tile  Model  2000  Nemo  Hull  design  (and  its  sealed  down  version  Nemo 
Model  34)  is  operationally  safe  to  3000  feel  as  allot  the  materials  in  the  hull  respond  elasti- 
cally in  the  0-3000  foot  range. 


C -I 


Data  from  6o-liu.ii  Oi)  X 5 N- Inch  II)  Model  2000  Nemo  Hull 


Ouiii  Recording 

The  strain  data  was  generated  by  subjecting  the  66-inch  OI)  X 5S-ineh  ID  Model 
2000  Nemo  Null  to  external  hydrostatic  pressure  rising  at  100  psi  minute  rate.  During 
recording  of  strain  data  (which  took  about  2 minutes  per  recording!,  the  pressure  was  held 
eon  tant.  The  temperature  of  water  used  in  pressurizing  of  the  Model  2000  Nemo  Hull  was 
in  the  7()-75'  F range. 

Once  the  maximum  pressure  was  reached  further  pressurization  was  stopped  and  the 
maximum  pressure  maintained  for  24  hours.  Readings  were  taken  at  6 hour  in*crvals.  hut 
only  (lie  last  reading  (taken  24  hours  alter  initiation  of  long  term  loading!  i>  shown  on  the 
data  printout. 

Readings  were  taken  also  during  the  depressurization  which  took  place  at  100  psi 
minute  rate.  Upon  reaching  0 pressure  the  Model  2000  Nemo  Hull  assembly  was  allowed  to 
relax  for  24  hours  while  readings  were  taken  every  6 hours  (only  the  Iasi  relaxation  reading 
is  shown  in  the  data  printout!. 

Data  Interpretation 

The  strains  are  linear  to  5000  feel.  I he  creep  in  aery  lie  plastic  after  24  hours  if  sus- 
tained loading  at  5000  feet  was  less  than  20  percent  of  the  short  term  strain  at  that  depth. 
After  reduction  of  pressure  to  ()  psi  and  24  hour  relaxation  at  0 psi  all  strains  returned  to 
zero.  Both  the  linearity  of  strain  in  the  0-5000  loot  range  and  return  of  strains  to  zero  at 
conclusion  of  the  pressure  cycle  indicate  that  the  Model  2000  Nemo  Hull  can  he  repeatedly 
pressurized  without  permanent  deformation  to  5000  feet. 

When  pressurized  to  4000  feet  there  was  some  nonlinearity  at  depths  beyond  5500 
feet.  Hie  creep  in  acrylic  plastic  after  24  hours  of  sustained  loading  at  4000  feet  was  about 
50  percent  of  the  short  term  strain  at  that  depth.  After  reduction  of  pressure  to  0 and  24 
hours  of  relaxation  at  0 pressure  most  of  the  strains  in  aery  lie  and  aluminum  return  essen- 
tially to  zero  tare  w ithin  * 1 00  niicroinchcs  of  original  zero).  Only  at  some  interior  locations 
on  aluminum  components  (location  6,  15.  14)  were  the  remaining  stresses  positive  and  sig- 
nificantly high.  No  explanation  has  been  found  for  their  tensile  character,  or  large  magnitude. 

The  indications  of  nonlinearity  during  pressurization  in  the  5500-4000  foot  depth 
range,  excessive  creep  during  long  term  pressurization  at  4000  feel,  and  residual  strains  after 
relaxation  at  0 depth  indicate  that  pressurization  of  the  Model  2000  Nemo  Hull  to  4000  feet 
subjects  the  assembly  to  excessive  stresses.  It  is  therefore  postulated  that  the  Model  2000 
Nemo  Hull  assembly  should  not  be  prooflested  in  excess  of  5600  feet  lor  service  at  depths 
to  5500  feet. 
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APPENDIX  l>.  DATA  I ROM  FINITE  ELEMENT  STRESS  ANALYSIS 
Of  MvINCH  01)  X 58-INC'H  ID  MODEL  2(NK>  NEMO  HULL  ASSEMBLY 


Although  I lie  results  of  the  finite  element  stress  analysis  for  (tffincli  Ol)  X 5N-lncli 
ID  Model  root)  Nemo  Hull  under  ‘*00  psl  hydrostatic  loading  have  been  siimmuri/ed  in  the 
test  of  t he  report  (figures  4 to  si  it  was  considered  desirable  to  publish  this  data  for  the 
benefit  of  other  plastic  hull  investigators.  The  data  details  the  predicted  stress  and  strains 
for  both  the  lop  hutch  1 1- inures  I D)  and  bottom  penetration  plate  (figure  21)1.  To  correlate 
the  stresses  and  strains  shown  on  I mures  ID  and  21)  with  physical  locations  on  the  Model 
2000  Nemo  Midi  one  lias  only  to  locate  the  corresponding  node  numbers  on  finite  element 
meshes  for  lop  hatch  (figure  and  bottom  penetration  plate  (figure  to. 

Since  the  finite  element  stress  analysis  was  based  on  the  assumption  that  the  stress* 
strain  relationship  of  acrylic  plastic  is  linear  under  short  term  loading  in  t he  0-10.000  psi 
stress  range,  the  calculated  values  for  ‘>00  psl  hydrostatic  loading  (figure  1 1)  and  2D)  can 
be  extrapolated  w ith  reasonable  confidence  to  1 450  psi  hydrostatic  loading  representing 
the  .1000  loot  operational  depth  of  the  Model  2000  Nemo  Hull,  for  hydrostatic  loadings 
in  excess  of  1500  psi  the  extrapolation  of  values  calculated  lor  ‘>00  psl  is  not  recommended 
as  the  stress-strain  relationship  Idr  acrylic  plastic  becomes  non-linear  al  the  stress  values 
encountered  in  this  loading  range. 
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